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The migration of pigment granules (echinochrome chromatophores) to the 
surface of Arbacia eggs about 10 minutes after fertilization is a conspicuous event 
which marks successful initiation of development in this species. These pigment 
granules are scattered throughout the cytoplasm in the unfertilized egg. Even be- 
fore fertilization, they move about in the cytoplasm as rapidly as 5 microns per 
second (Parpart, 1953). Upon fertilization, they migrate to the fertilized egg sur- 
face (McClendon, 1909, 1910), which is characterized by the presence of a hyaline 
layer and fertilization membrane and where a new cortical gel layer will form just 
beneath the surface. 

In sea urchin eggs, elevation of the fertilization membrane is preceded by a 
wave of cortical granule breakdown (E. N. Harvey, 1911; Moser, 1939). This 
wave, usually referred to as the cortical reaction, can now be interrupted or blocked 
by any of three separate methods in order to study the interaction of fertilized and 
unfertilized cortex on the one hand, with endoplasm on the other (Allen, 1954; 
Allen and Hagstrém, 1955a; Hagstrom and Allen, 1956). The present study was 
undertaken to determine whether pigment granule migration occurs as a specific 
interaction between these cytoplasmic granules and fertilized, but not unfertilized egg 
surface (cf. preliminary note by Allen and Rowe, 1955). 


MATERIAL AND METHODS 


Arbacia punctulata gametes were obtained by electrical stimulation (E. B. 
Harvey, 1952). Eggs were deprived of jelly by brief treatment with acid sea water 
(pH about 5). Insemination was carried out at a sperm concentration of 3 x 10° 
sperm per ml. and at 20—22° C. 

Aliquots of freshly inseminated eggs were transferred at intervals of a few sec- 
onds to 0.001% sodium lauryl sulfate in sea water at 30-32° C. for a period of about 


two minutes, and then were allowed to cool before being washed in sea water. 


1 This investigation was supported by Research Grants C-2609 and C-3022 of the National 
Cancer Institute, National Institutes of Health, U. S. Public Health Service, Bethesda, 
Maryland. 
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Similar treatment of unfertilized eggs did not visibly affect their early development 
when they were subsequently inseminated. Fertilized eggs were similarly unaf- 
fected by this treatment when it was applied after the cortical reaction changes were 
complete. A small percentage of the eggs (usually less than 20% ) exposed to ele- 
vated temperature and detergent during the cortical reaction showed interruption 
of cortical granule breakdown, restricted membrane elevation and other character- 
istics of partially-fertilized eggs (Allen, 1954; Allen and Hagstrém, 1955a; Hag- 
strom and Allen, 1956). These eggs were isolated from the others and observed 
for the pattern of pigment distribution and stage of development in which they were 
arrested. 

Other eggs were inseminated in quartz capillaries; a combination of stretching 
and warming to about 26° with unfiltered light from the microscope lamp sufficed 
to interrupt the cortical reaction. These cylindrical, partially-fertilized eggs were 
also followed for changes in pattern of pigment distribution and for other indications 
of early development changes. 


RESULTS 


Whether the pigment granules have migrated to the surface or not is best ob- 
served under intense illumination. Fertilized eggs with pigment migration com- 
plete exhibit a dense, peripheral, pigmented shell (ring in optical section) ; on the 
other hand, eggs with blocked cortical reaction show a brilliant red zone on the 
fertilized surface (Fig. 1); the rest of the cytoplasm contains scattered pigment 
granules as in the unfertilized egg. Near the red zones on the partially-fertilized 
eggs the endoplasm lacks pigment granules. Examination with a 50 Xx water- 
immersion lens (Leitz) of that portion of the surface to which the pigment migrated 
shows local loss of cortical granules and the establishment of a hyaline layer and 
blister-like fertilization membrane. The rest of the egg surface remains re-fertiliz- 
able for at least two hours, and a second insemination during this time results in 
polyspermy. 

The migration of pigment granules from an extensive area of endoplasm border- 
ing on the fertilized cortex suggested the recruitment of granules from a considerable 
distance. Furthermore, the intense color of the pigment at the fertilized surface 
of a partially-fertilized egg suggested that this surface had “attracted” a greater 
share of the total supply of pigment granules than an equal amount of surface in a 
totally fertilized egg. To test this possibility, several eggs were rendered partially 
fertilized while in the shape of cylinders with rounded ends in a quartz capillary of 
small diameter. On Figure 2, it is possible to see the regular sub-surface arrange- 
ment of pigment granules in the fertilized part, and the scattered distribution in the 
unfertilized part of the egg furthest from the point of sperm entry. Note, however, 
the intensely pigmented ring at the border of the unfertilized and fertilized cortex. 
It can also be seen in this figure that the width of the zone of unfertilized cytoplasm 
from which pigment granules were recruited was about 26 microns. 

In control experiments, a few eggs were observed over the course of the sum- 
mer, which responded to detergent alone without insemination. These eggs must 
have become “partially-activated.” The fact that pigment migrated to the activated 
regions of cortex in these eggs indicated that the mere presence of sperm was not 
a factor in this migration of pigment. 





PIGMENT MIGRATION IN ARBACIA EGGS 


Figure 1. A partially-fertilized egg of Arbacia punctulata photographed with Kodachrome 
film and later printed in green light to show the accumulation of pigment (dark) at the region 
of the egg surface which has undergone a cortical reaction. 


Several hundred partially fertilized eggs were observed to determine whether 
there was any relationship in this species between the amount of cortex affected by 
the cortical reaction and the extent of development. Such a relationship was clearly 
Only a few eggs with more than 50% of their surfaces affected by the 
cortical reaction were observed. (This is probably due in part to the extremely 
short time that the eggs pass through this condition; cf. Figure 1 in Rothschild and 


evident. 


Figure 2. Reproduced from Kodachrome as in Figure 1. A partially-fertilized egg ob- 
tained by the capillary method (see text). Note the marked accumulation of pigment at the 
border of fertilized and unfertilized cortex (arrow). This pigment had migrated from nearby 


unfertilized cytoplasm. 
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Swann, 1949). Only those eggs with about half of their surface fertilized developed 
as far as cleavage, and they lacked hyaline layers so that their blastomeres fell apart 
(cf. Herbst, 1900). Eggs with much less than one half their surface fertilized 
showed varying degrees of development before arrest. The most common stages of 
arrested development observed after the partial fertilization were metaphase of cleav- 
age, prophase (swollen synkaryon), and varying stages in arrested nuclear migra- 
tion or fusion. Table I will illustrate by five specific examples the situation often 


TABLE | 


Examples showing the relation between the portion of the egg surface affected by the 
cortical reaction and the extent of development in those eggs. 
(For further description, see text.) 


Percentage of surface area covered 
by the cortical reaction Stage in which development was arrested 


Nuclear migration but no fusion 


Deformed spindle 
(sperm penetrated near egg nucleus) Nuclei completed copulation path but 
failed to become centered 


(sperm penetrated 170° from Sperm nucleus completed copulation path, 
surface nearest egg nucleus) but no migration of egg nucleus 


Sperm nucleus penetrated 5 microns, no 
further change in location of nuclei, 
but nuclear swelling about the time of 
prophase 


seen in eggs with arrested development showing extremely small amounts of fer- 
tilized cortex but containing a sperm nucleus. 


DISCUSSION 


It is clear from the foregoing evidence that the migration of pigment granules 
to the cortex after fertilization is the result of an interaction between fertilized cor- 
tex and neighboring endoplasm. In previous studies with related species, it was 
noted that although fertilized and unfertilized cytoplasm become mixed to a sig- 
nificant extent in spherical partially-fertilized eggs, such mixing is very restricted 
in cylindrical partially-fertilized eggs obtained by the capillary method (Allen, 
1954; Allen and Hagstrém, 1955a; Allen and Hagstrém, 1955b). These conclu- 
sions were based on light-scattering differences which reveal changes in the endo- 
plasm brought about after fertilization. Unfortunately, the presence of pigment in 
Arbacia renders a parallel study with this species impossible. The recruitment of 
pigment granules from 26 microns deep within cytoplasm that would otherwise be 
judged unfertilized (Allen and Hagstrom, 1955a) suggests that the interaction be- 
tween fertilized cortex and pigment may be more far-reaching than interaction re- 
sulting in light-scattering changes. 

The mechanism of pigment granule migration under the influence of fertilized 
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cortex remains obscure. The observations of Parpart (1953) with the television 
microscope suggest that invisible fibrils may extend from the cortex to the individual 
pigment granules. Such a mechanism would almost necessarily have to be invoked 
to explain the rapid movement which he observed, especially when this movement 
sometimes moved perpendicular to the direction of cytoplasmic flow. 


SUMMARY 


1. The intensely pigmented echinochrome granules (chromatophores) of the 
Arbacia egg, which are distributed throughout the endoplasm prior to fertilization, 
migrate to the fertilized surface about 10 minutes after insemination. 

2. In partially-fertilized eggs, in which the cortical reaction has been blocked or 
interrupted, the pigment granules migrate only to fertilized cortex. 

3. Fertilized cortex in partially-fertilized eggs can recruit pigment granules not 
only from its immediately-underlying endoplasm, but also from a considerable dis- 
tance in endoplasm apparently otherwise unaffected by the cortical reaction. 
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CYCLIC CO, RELEASE IN INSECTS. IV. A THEORY OF 
MECHANISM 
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I. THe PrRospLeM 


Punt (1944, 1950), while making continuous records of respiration in single 
insects, using a method involving gas heat capacity (“‘diaferometer”), discovered 
that certain species release CO, cyclically. In these cycles, periods of very rapid 
release lasting only a few minutes (“bursts”) alternate regularly with periods of 
very slow release which may last several hours. Subsequent work with the War- 
burg respirometer (Ito, 1954; Schneiderman and Williams, 1955; Buck and Keister, 
1955; Punt, Parser and Kuchlein, 1957) has confirmed Punt’s diaferometer meas- 
urements and has suggested that the phenomenon may not be as uncommon as 
might be supposed from the long delay in its discovery. There is, in fact, reason 
to suspect that the cycling is an exaggeration of respiratory behavior normally oc- 
curring in many insects (Buck, 1957; Buck and Keister, 1958). 

Though the burst is the more spectacular phase of the cycle, the interburst is the 
more interesting biophysically, because during this period O, is entering the insect 
through the spiracular valves at several times the rate at which CO, is escaping. 


The present paper attempts to explain how such an unequal gas exchange ratio can 
exist. 


Punt attributed the cyclic CO, release to alternate dilation and constriction of 
the spiracular valves, a view strongly supported by demonstrations on diapausing 
saturniid pupae that (a) the skin is impervious to gases—.e., all gas exchange oc- 
curs via the spiracles (Schneiderman and Williams, 1955; Buck and Keister, 1955), 
(b) cycling is abolished reversibly by intubating spiracles, so as to make the tracheal 
gas continuous with the ambient air, or by making the pupa anoxic, thus forcing 
the valves to dilate (Buck and Keister, 1955), (c) the spiracles open visibly only 
at intervals and for periods corresponding, respectively, to burst frequency and 
duration (Schneiderman, 1956), (d) the spiracles are the only locus in the environ- 
ment-tissue tracheal pathway where there could be significant physical resistance 
to gas transfer (Buck and Keister, 1958). 

Punt (1944) emphasized the apparent absence of gross ventilatory movements 
in his insects and found no evidence of rhythmic gas flow, using both Lyonnet’s soap 
bubble test and a horizontal manometer. Changes in total body volume during 
cyclic respiration were also thought to be excluded in a number of sorts of tests on 
cecropia pupae (Schneiderman and Williams, 1955) and I have failed to observe 
any change in linear body dimensions in time-lapse cinematography of a cycling 
pupa of the moth Agapema galbina. From such evidence it has been generally 
concluded that CO, issues from the pupa by diffusion only. Actually, it is possible 
that ventilatory changes would have been undetectible by the methods used, because 
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it was later found (Buck and Keister, 1958) that total. tracheal volume is only of the 
order of 6% of pupal body volume—which would correspond to an even smaller 
percentage linear dimensional change, even if the entire content of the tracheae 
was expelled. However, the low tracheal volume, together with the fact that 
tracheal pCO, is only of the order of 45 mm, Hg, shows that less than 15% of the 
CO, in an average burst could be supplied by gas actually in the tracheae initially 
(Buck and Keister, 1958). Moreover, ventilation could not be the cause of the 
fluctuations seen in Warburg respirometer records, unless an actual compression of 
gas were involved during part of the cycle, because the mere exchange of a given 
volume of gas between tracheae and environment would not register manometrically. 

The small tracheal volume also vitiates the possibility that the spiracles could be 
sealed during the interburst period, the O, uptake that is measured manometrically 
being supplied wholly from the tracheal gas, with the pupal abdomen telescoping by 
a corresponding amount (Buck, Keister and Specht, 1953). In Agapema (Table 1) 
the amount of tracheal O, thus available amounts to only 14-25% of that needed 
during interburst. 

Data on body water content and blood CO, capacity in Agapema show that the 
pupa has sufficient stored CO, to account for the volume of the burst plus the much 
larger additional reserve which is present in all phases of the cycle (Buck and 
Keister, 1958; Buck and Friedman, 1958). These data, therefore, in conjunction 
with the observed respiratory quotient of about 0.8 for the complete cycle (Table I), 
and with the evidence for spiracular involvement cited above, argue against the CO, 
bursts being due to any sudden change in metabolic activity of the sort suggested by 
Zeuthen (1955). Rather, they reinforce the idea that the cycle involves an alter- 
nating impoundment and release, by the valves, of the CO, produced in steady, 
normal aerobic respiration. 

The presence in the pupa of carbonic anhydrase (Buck and Friedman) makes it 
reasonable to suppose that the brief burst, during which CO, may be given off 
dozens of times as fast as it escapes between bursts—can be adequately explained as 
diffusive escape of CO, occurring during a period of spiracular dilation. The no- 
tably low rate of CO, release during the interburst period would seem likewise con- 
sistent with spiracular impoundment of CO, and its storage in body buffers, for the 
valves are then so greatly constricted as to appear closed (Schneiderman, 1956), and 
the tracheal pCO, apparently increases, though slowly, throughout the period 
(Buck and Keister, 1958). However, during this period in which escape of CO, 
is being severely impeded, O, appears to be entering the tracheal system freely. 
For example, the rate of O, uptake in Warburg measurements of individual pupae 
shows no change comparable in magnitude to the burst over periods so long as to 
certainly include intervals when a burst is occurring and the spiracles are dilated 
(Schneiderman and Williams, 1955; Buck and Keister, 1955). Likewise, the rate 
of O, uptake is the same in 100% O, as in air (Buck and Keister, 1955). 

Such a combination of unimpeded O, transfer and restricted CO, transfer is a 
serious obstacle to the idea of CO, retention by the spiracles, as is easily deduced 
from the following elementary physical considerations: The rate of gas diffusion 
through a tube is described by the Fick equation, Rg = D (+ C, = C,) A/L, where 
Ra is the rate of transfer of the particular gas, D its diffusivity, (+ C, + C,) its 
concentration difference between the ends of the tube, and A and L are the cross- 
sectional area and length, respectively, of the tube. Since, in the present situation, 





Measured respiration data for Agapema and Hyalophora 


Datum and symbol 
Rate of O. uptake per live 


gram (RO) 


Over-all rate of CO: release 
per live gram ([RCO,.) 


Interburst rate of CO, release 
per live gram (IBRCO,) 

Mean pupal live weight 

Burst volume 

Mean cycle length 


Respiratory quotient 


Tracheal CO, tension (pCO2) 
Spiracular valve length (L) 


Tracheal volume 


JOHN BUCK 


TABLE [| 


Species 


Agapema 1953! 
Agapema 1954! 
H yalophora? 


Agapema 1953! 
Agapema 1954! 
H yalophora? 


Agapema 1953! 
Agapema 1954! 
H yalophora? 


Agapema 1953! 
Agapema 1954! 
H yalophora? 


Agapema 1953! 
Agapema 1954! 
H yalophora? 


Agapema 1953! 
Agapema 1954! 
H yalophora? 


Agapema 1953° 
Agapema 1954® 
Hyalophora? 


Agapema® 
Hyalophora* 


Agapema$ 
Hyalophora® 


Agapema® 
H yalophora* 


Measured 
parameter 


30 wL/g./hr. 
13 pL g. hr. 
14.8 uL/g./hr 


21.1 pL g. hr. 
10.9 wL/g./hr. 
12.5 wL/g./hr. 


11.9 wL/g./hr. 
3.8 wL/g./hr. 
2.6 pL g. hr. 


33.3 pL g. 
32 uwL/g. 
57.4 aL, g. 


3.6 hr. 
4.5 hr. 
7.4 hr. 


0.71 
0.84 
0.85 


45 mm. Hg 
(45 mm. Hg) 


50 u 
100 


60 wL/g. 
75 pul g. 


Computational unit 


5.1 X 107-7/cm/sec./spiracle 
2.1 XK 107-7/cm*/sec. /spiracle 
14 X 10-7/cm*/sec./spiracle 


3.6 X 10-7/cm'/sec./spiracle 
1.76 X 10~7/cm*/sec./spiracle 
11.8 & 10~7/cm/sec./spiracle 


2.0 X 10~7/cm*/sec./spiracle 
0.6 X 10~7/cm/sec./spiracle 
2.46 X 10~7/cm/sec. /spiracle 


0.85 g. 
0.81 g. 
4.72 g. 


5.9 & 10-*/cm?/cm?’ 
(5.9 K 107?/cm?/cm*) 


5 X 10-3 cm. 
1 X 10°? cm. 


! Buck and Keister, 1955. * Schneiderman and Williams, 1955. * Buck and Keister, 1958. 
‘ Estimated from blood CO, capacity, Buck and Friedman, 1958. ° Estimate from Dr. W. Beckel. 
6 Due to arithmetical error, the values were given by Buck and Keister, 1955 as 0.65 and 0.81 for 
the two samples, instead of 0.71 and 0.84. 7 Computed from Table I in Schneiderman and Wil- 
liams, 1955. Elsewhere the value is given as 0.78. 


O, and CO, are passing simultaneously through the same spiracular valves, and 
since the diffusivities of the two gases differ only in the ratio of 5:4, it is clear that 
any considerable disparity in their diffusive transfer rates would require that there 
be a corresponding difference in their concentration gradients between tracheae and 
environment. In Agapema pupae, where the interburst pCO, is about 45 mm. Hg, 
the observed average interburst O, : CO, transfer ratio of about 3: 1 during respira- 
tion in air (Table [) might possibly be explained on the basis of relative gradients. 
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Thus, by assuming a tracheal pO, of 20 mm. Hg the gradient ratio would be (Table 
Il) approximately (155 — 20): (45—0). However, in the pupa of the cecropia 
moth, Hyalophora, which has about the same relative blood CO, capacity as the 
Agapema pupa, disparities in concentration gradients could not possibly explain the 
observed average O,: CO, transfer ratio of 6: 1, let alone the ratios of 20: 1 or more 
observed in some individuals. Moreover, even in Agapema the requisite partial 
pressures of O, and CO, would apparently lead to a badly unbalanced total pressure 
budget : Atmosphere (Table II) = 155 (O,) + O (CO.) + 23 (H.O at 25° C.) + 
582 (N,) = 760 mm. Hg; tracheal gases (respectively) = 20 + 45 + 23 + 582 = 
670 mm. Hg. 

In sum, then, the most dramatic feature of the CO, release cycle—the burst— 
seems much less mysterious than the gas exchange during interburst. In this 
period, as we have seen, the observed degree of CO, retention cannot, in the face of 
unrestricted entry of O,, be due only to areal reduction in rate of diffusive escape of 
CO,. Yet, as we have also seen, diffusion appears to be the only mode of gas trans- 


TABLE II 


Physical constants for computations 


Constant and symbol Common unit Computational unit 


Tracheal water tension (sat.) (25°) 23 mm. Hg 
Atmospheric O» tension (pO2) 155 mm. Hg 
Atmospheric N» tension (pN») 582 mm. Hg 
Diffusivity of O2 (25°) (Do,) 

Diffusivity of Nz (25°) (Dw,) 

Diffusivity of COz (25°) (Deo,) 

Viscosity of air (25°) (m) 

One atmosphere pressure (P) 760 mm. Hg 


cm?/cm 
/cem’/cm# 
cm?/cm* 
/cm?/sec. 
/cm?/sec. 
/cm?/sec. 
‘dyne secs. /cm? 
6/dynes/cm? 


. a 
- = = 


-_- = 
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SODAek oO 
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an 
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Pa te ph effet 


So 


fer involved in the cycle. A possible way of relieving this paradox is suggested in 
the theory given below.* 


II. OUTLINE oF THEORY 


As we have seen, high trans-spiracular O,: CO, transfer ratios seem to demand 
either that in-diffusion of O, be supplemented by some non-diffusive process, or that 
diffusive escape of CO, be impeded by some barrier or mechanism in addition to 
the spiracular valve. The simplest agency for achieving such conditions—and one 
that achieves both of them simultaneously—appears to be an inward bulk flow of 
air. This flowing air, because of its 21% O, content, would increase specifically the 
rate of inward transfer of O,. At the same time the in-flowing O, and N, mole- 
cules of the air, having an excess momentum in the inward direction, would tend 
to drive back or slow the out-diffusing CO, molecules with which they collide. 

No in-flow of air could of course occur unless the tracheal gas were at a lower 
barometric pressure than the outside atmosphere. The “suction” which is visualized 
as causing the flow is thought to develop as follows: During the burst, when the 


1 A condensed version of the theory was presented before the Tenth International Congress 
of Entomology in August, 1956, and is in press in the Congress proceedings. 
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spiracles are wide open, there must be a major diffusive exchange of tracheal gases 
with those of the environment, so that when the valves constrict at the end of the 
burst the tracheal O, concentration is higher, and the CO, concentration lower, than 
during the interburst period. The constriction of the valves tends to reduce the 
rate of diffusive entry of O, below the constant rate at which O, is being taken up 
by the tissues, so that tracheal pO, falls. (This does not necessarily mean that the 
tissues ever actually become perceptibly hypoxic—it simply means that a steeper 
trans-spiracular O, gradient has to develop in order to keep the rate of entry of O, 
up to the required respiratory level.) At the same time this drop in intratracheal 
pO, is occurring, a rise in tracheal pCO, must begin, due also to the valve constric- 
tion, but CO., because of its being largely combined with blood and tissue buffers, 
will actually escape into the tracheae from the tissue liquids at a considerably lower 
rate than that at which O, enters. Hence, during a relatively brief transition period 
after spiracular constriction, the total intratracheal pressure will fall because O, is 
leaving the gas phase faster than it is being replaced by any gas from either tissues 
or environment. The air in-flow produced by the suction thus generated impedes 
the escape of CO, and adds to the retention due to the restricted valve. As an ex- 
traneous complication, the air flow brings in four volumes of N, for every volume 
of O,; hence N. must accumulate until out-diffusion of N, balances in-flow of N, 
and the long interburst period of relatively steady-state gas exchange is begun. 

The theoretical interrelations of bulk flow and diffusion, the details of computa- 
tional methods, and certain other aspects of gas transfer, will be dealt with elsewhere 
in detail. However it can be said in general that although a steady-state of the 
sort here postulated has apparently not been analyzed by students of gas kinetics, 
the analogous but simpler situation of trans-membrane transfer in solution has had 
some attention (¢.g., Jacobs, 1935; Koefoed-Johnson and Ussing, 1953; Garby, 
1957) and the possibility of evaluating quantitatively the net transfer resulting from 
simultaneous and opposed flow and diffusion is provided for by a convection term 
in the full “diffusion” equation of which Fick’s first law is a special case (see, for 
example, Crank, 1956, pp. 225-228; Jost, 1952, pp. 46-47). I shall refer to the 
physical process of combined diffusive transport and bulk flow as “flow-diffusion,” 
and its proposed application to respiration as the “flow-diffusion theory.” 

In view of the present lack of methods for detecting minute bulk flows em- 
pirically, the question of whether convective transfer is actually involved in the 
pupal CO, cycle cannot be decided directly but, as shown below, the idea can be 
tested both for its arithmetic consistency and range of application, and in relation to 
empirical changes in cycle parameters. 


III. THeoreticat INTERBuRST O,, CO, AND N, EXCHANGE RATES 


In order to simplify the computational testing of the flow-diffusion theory we 
shall skip the postulated brief transition period, during which the intratracheal suc- 
tion develops and in-flowing air builds up tracheal pN, and attempt to describe 
quantitatively the main interburst period, considering it, as a first approximation, 
to be a steady-state. During interburst the rate of air in-flow must be just sufficient, 
in conjunction with the restricted spiracular valves, to impound CO, at the observed 
rate, maintain O, entry at an adequate level, and bring in N, at exactly the rate at 
which that gas is diffusing outward. As is clear from Table I, there are not enough 
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empirical data to compute the air flow rate directly. My procedure has accordingly 
been to test various arbitrarily chosen flow rates by successive approximations, 
until one is found that permits an arithmetical balancing of all the gas exchanges. 
The computations below define a steady-state during the interburst period for the 
1953 sample of Agapema (Table I, last column) and illustrate the method. For 
simplicity everything is expressed on a single spiracle basis, assuming that each 
member of the 7 pairs is equivalent. Furthermore, the analysis is made in terms 
of a water-saturated gas, corresponding to the atmosphere of the Warburg flask. 
The more complex situation where water vapor flux is involved simultaneously will 
be considered elsewhere in relation to the water-conserving aspects of bulk air 
in-flow. A number of simplifications have been adopted, such as (a) considering 
the valve aperture to be circular, (b) ignoring the probability that valve behavior 
during the burst is not a simple all-or-none dilation and constriction but may in- 
volve flutter and a brief period of total closure, (c) taking O,, N, and CO, to be 
equivalent insofar as molecular collision is concerned, and (d) neglecting the “pore- 
diffusion” correction for valve length. 

a. Observed rate of CO, retention. The total “rate” of CO, retention equals 
the potential rate of release (1.¢., the rate of production) minus the observed rate 
of release during interburst. From Table I this is seen to equal SRCO, — IBRCO, 
= RET: CO, = 3.6 x 107 — 2.0 x 107 = 1.6 X 10° cm*/sec./spiracle. 

b. Postulated air flow rate. Part of the CO, is retained by spiracular constric- 
tion (i.e., orifice reduction of out-diffusion) and part by air countercurrent. Nu- 
merous trial computations showed that 1.2 x 10-7 cm*/sec./spiracle is the air flow 
rate (RrAIR) necessary to fit the requirements of the subsequent computational 
steps. This means, parenthetically, that about 75% of the total measured CO, 
retention is due to countercurrent (RET; CO, = RsAIR = 1.2 x 10° cm*/sec./ 
spiracle) and 25% to diffusion limitation by the restricted valve (RET, CO, = 0.4 
x 10°? cm*/sec./spiracle ). 

c. Potential rate of CO, escape by pure diffusion. By adding the flow-retention 
rate (Step b) to the observed interburst release rate we obtain the rate at which 
CO, would diffuse out through the spiracular valve if there were no in-flow of air: 
RET; CO, + IBRCO, = RaCO, = 1.2 + 2.0 = 3.2 x 10-7 cm/sec./spiracle. 

d. Interburst spiracular valve area. Since we know tracheal CO, concentra- 
tion, length of the valve passage and diffusivity of CO, (Tables I and II), and po- 
tential rate of CO, out-diffusion (Step c), we can substitute these values in a rear- 
rangement of the Fick equation and compute the area of the interburst spiracular 
valve: 





De (C,;CO2. — C.CO2) ~ ¢ 


RaCOs X L (3.2 X 10-7) (5 XK 107%) 
(5. 


9X 10-2) 
= 16.3 X 10-8cm? = 16.3 22. 


(1.66 X 107) 


This value seems, on the one hand, amply small to account for the closed appearance 
of the spiracles under the necessarily low magnification employed (Schneiderman, 
1956) and, on the other, not unreasonably small in view of the meticulous water va- 
por conservation which the pupa must exercise during its diapause of many months. 
There seems, further, no reason to doubt the ability of spiracular valves to constrict 
to such a minute opening—or even seal entirely, for that matter—in view of the 
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known ability of some insects to resist poisonous vapors such as cyanide for many 
hours unless the spiracles are forced open by concurrent exposure to CO,. 

e. Diffusive rate of O, uptake. The over-all measured rate of O, uptake (Table 
I) includes both the O, diffusing through the valve, due to the O, concentration 
difference between atmosphere and tracheae, and the 21% of the in-flowing air that 
is O,. Hence to obtain the rate at which O, should diffuse into the pupa through 
the restricted spiracular valve if there were no supplementary air in-flow, we sub- 
tract 1/5 of the air flow rate from the observed O, uptake rate: 


RAIR 


1.2 
= RaQ, = 5.1 K 10-7 — 5 xX 1077 


RO». — 


= 4.86 X 107? cm*/sec./spiracle. 


Bulk flow of air therefore contributes only 5% to over-all O, uptake rate even though 
it is responsible for much of the CO, retention. 

f. Tracheal pO,. Knowing, now, the rate of diffusive entry of O, (Step e), 
spiracular valve area (Step d), the diffusivity of O, and the valve length (Tables I 
and II), we can rearrange the Fick equation and solve for O, concentration differ- 
ence between environment and tracheae : 

—7 S —3 
Co — C,% = ae. = apn Mt BP a Slt 3 = 7.4 XX. 107? cm*/cm’, 
Do,A (2.0 X 10-') (16.3 X 1078) 
which is approximately 56 mm. in partial pressure units. Subtracting this figure 
from 155 mm., the partial pressure of O, in the (water-saturated) atmosphere gives 
99 mm. Hg as intratracheal pO.. 

g. Tracheal pN,. Knowing tracheal pO, (Step f), pCO, and pH,O (Tables I 
and II), the pN, required to maintain total pressure balance is readily obtained by 
summing the other partial pressures and subtracting from 760:760 — (99 + 45 + 
23) = 593 mm. Hg. An outward N, partial pressure difference between tracheae 
and environment of about 11 mm. Hg (593 — 582) should therefore exist during 
the interburst period (= 1.45 x 10°* cm*/cm*). It may appear contradictory to 
assume that total tracheal pressure is 760 mm. Hg when the basic driving force of 
the postulated flow is a difference in total pressure between tracheae and ambient 
gas. However, preliminary estimates show that the total pressure differential re- 
quired is considerably less than 1 mm. Hg (see also Step i, below ). 

h. Balance of N. in-flow and out-diffusion. From the values for tracheal pN, 
(step g), valve area (step d), valve length (Table 1) and diffusivity of N, (Table I) 
the potential rate of out-diffusion of N, is computed : 


Dw, (CiN*? — CoN2)A (2.14 & 10-7) (1.45 & 10-*) (16.3 X 10-5) 
L i 5X 10° 


= 1 X 10-7 cm*/sec. ‘spiracle. 


RaNo = 


The rate of N, in-flow is of course 4/5 of the total air flow rate, or 0.96 x 10-7 cm?/ 
sec./spiracle. Hence the theoretical requirement of equilibrium between in-flowing 
and out-diffusing N, is satisfied by an air flow rate of 1.2 x 10°? cm*/sec./spiracle. 
The attainment of an arithmetical balance indicates that the values for the other 
parameters computed on the basis of this flow rate are mutually compatible. 
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i. Total pressure differential. The rate of laminar flow through a cylindrical 
tube is given by Poiseuille’s equation, Ry = Pxr*/8 Ly, where P is the barometric 
pressure difference between the ends of the tube, r the radius and L the length of 
the tube, and » the viscosity of the flowing medium. By rearranging the equation 
and substituting our chosen Ry value (Step b), the radius which would correspond 
to the valve area of 16.3 x 10° cm* (Step d), and other values from Table I, we 
have : 

p _ SLaRr _ 8 (5 X 10%) (180 X 107) (8.25 X 107") 
Pes 3.14 (2.28 X 10-*)* 
= 110 dynes/cm? = 2.1 X 10~ atmospheres = 0.08 mm. Hg. 





An astonishingly small pressure head, therefore, in conjunction with a spiracular 
valve of 16.3 »? area and the observed rate of O, uptake, is sufficient to maintain the 
air flow required to bring about the observed CO, retention in Agapema. 

In sum, it is possible to set up a mainly hypothetical but internally consistent bal- 
ance of O,, CO, and N, transfers that accounts for the observed CO, retention 
during the interburst period of the pupal respiratory cycle in Agapema. 


IV. THeory IN RELATION TO PosstBLE DEGREE oF CO, RETENTION 


The computations set forth in Section III have demonstrated the possibility that 
an approximately 3:1 O, uptake/CO, release ratio could be induced by a combina- 


TABLE III 


Computed steady-state values for respiratory parameters fitting various observed and 
hypothetical degrees of COz retention in Agapema and Hyalophora 


>RC so, | RO: . Postul. | Valve | 1% | Tra- - ‘ 
12 > | so Vs ~ s . , | ) . 
ab a oe IBRCO: | RaCOz| Zret | Ry AIR | area = oy ocnes (ase : retained 


(cm? X 1077 
sec./spir.) 


(cm? X 1077 


sec./spir.) 
(cm? X 1077 
spir.) 


sec./spir. 
(cm? X 1077 
(cm? X 1078) 


sec./spir.) 
(cm* X 1077 


sec./spir.) 
(cm? X 1077 
spir.) 


sec./spir. 
(mm. Hg) 
(mm. Hg) 
(cm? X 1077 
sec./spir.) 
(mm. Hg) 





1953 Agapema 


| 16.3 | 
| 13.3 | 
| 12.8 | 


1954 Agapema 


596 |0.5 |0.5 | 0.27 
| 605 | 0.69 | 0.69 | 0.51 
| 607 | 0.73 | 0.74 | 0.59 


Hyalophora 

1 | 0.03 
6 | 0.038 
0 | 0.043 


7.66 | 9.34| 5.2 | | | 600 | 3.9 |4 
| 7.2 (10.4 | 5.8 | 7: 604 /4.5 | 4 
6.9 |111 | 6.2 | 607 | 4.9 |5. 
| | 








126 JOHN BUCK 


tion of spiracular constriction and in-flow of air, without limiting the rate of O, up- 
take. Similar serial computations indicate the theoretical feasibility of widely dif- 
ferent degrees of relative CO, retention, both in systems with several parameters the 
same as in Agapema, and in systems involving known respiratory data from 
Hyalophora (Table III). 


V. THeory IN RELATION To INDUCED CHANGES IN INTERBURST CO, RELEASE 
RATE 


In response to certain environmental and endogenous alterations the rate of CO, 
release during the interburst period undergoes definite and reproducible changes. 
These must be accounted for by any theory purporting to explain cyclic CO, re- 
lease. Of these, all that involve a reduction in demand for O, (Table IV, re- 
sponses No. 2, 4), or increase in availability of O, (No. 5), decrease the rate of 


TABLE IV 


Effects of certain environmental and endogenous changes on rate of CO 
release during the interburst period 


Response No. Change IBRCO: 


Increasing temperature Increase! 2.3 
Decreasing temperature Decrease! ?.3.5 
Increasing metabolic rate (injury; dev.) Increase*® 
Decreasing metabolic rate Decrease? 4 
Increased ambient pO. above 21% Decrease** 
Decreased ambient pO. (below 21%, 

but above about 10%) Increase*:+ 


1 Punt, 1944. 

? Punt, 1950. 

3 Schneiderman and Williams, 1955. 
* Buck and Keister, 1955. 

5 Buck and Keister, 1958. 


CO, release ; and all tending to decrease the availability of O, (No. 6), or increase 
the call for O, (Nos. 1, 3), have the opposite effect. 

Now we know (Buck and Keister, 1955) that environmental O, concentrations 
between 1% and 100% neither increase nor decrease rate of O, consumption (CO, 
production), so the observed changes in CO, release rate must be due to changes 
in rate of CO, retention. The retention changes in turn must involve changes in 
air in-flow and CO, out-diffusion due to alterations in either spiracular valve area 
or effective CO, gradient, or both. Although no direct measurements of spiracular 
valve areas in pupae with different metabolic rates or in different O, tensions or 
temperatures have been reported, the fact that increase in ambient O, concentration 
above the normal atmospheric level reduces the rate of interburst CO, release 
(Table IV, resp. No. 5) without increasing the rate of O, uptake, suggests that the 
maintained, steady-state valve area of the interburst period is regulated so as to 
keep the rate of entry of O, at the minimum that will fully supply respiration (see 
also Buck and Keister, 1955, 1958; Schneiderman, 1956). A teleological support 





THEORY OF CYCLIC CO, RETENTION 


for this simplifying assumption is the fact that such regulation would also minimize 
water loss, a particularly acute problem in diapausing pupae since they are denied 
water intake for many months, and hence would be in line with a main and well 
established function of spiracles (e.g., Hazelhoff, 1926). The assumption is also 
compatible with flow-diffusion, and in fact appears to be the only way of reconciling 
the role of O, uptake in inducing air flow with the fact that the rate of O, uptake is 
not O,-limited except at very low ambient concentrations. 

Even for responses not involving changed metabolic rate the expected changes in 
CO, are not easy to predict. For example, insofar as purely diffusive transfer is 
concerned, a decrease in ambient pO,, since it induces spiracular dilation, would be 
expected to increase the interburst rate of CO, escape (see Fick equation). How- 
ever, if the pupa regulates valve area so as to keep the rate of O, entry constant, 
ambient pO, will be inversely proportional to area and the effects of changing pO, on 
interburst CO, out-diffusion rate will be similarly non-linear (Buck and Keister, 
1955, p. 160). On the same basis changing ambient pO, will have an inversely 
proportional effect on Rp (1.¢c. on CO, flow-retention), but with the additional com- 
plication of a different proportionality constant (Rp ~ A, whereas Rp ~ A X 1; 
see Poiseuille equation). Hence the over-all effect of changing ambient pO, in a 
flow-diffusion system is not immediately obvious, either qualitatively or quanti- 
tatively. 

The interrelated changes in valve area, air-flow rate, interburst CO, release rate 
and areal retention rate can be visualized by constructing a family of curves relating 
valve area and air-flow rate at different pressures (computed from the Poiseuille 
equation). Figure 1 shows such a plot, to which have been added (a) the 
straight line relating diffusion rate of CO, (RaCO,.) to valve area for the valve 
length and trans-spiracular CO, gradient of Agapema, and (b) the fitted values of 
air-flow rate and valve area for the respiratory parameters measured in the 1953 
and 1954 samples of Agapema and for several hypothetical situations involving 
greater degrees of CO, retention (Table III). Figure 2 is a similar plot, with 
different isobars and Rg line, for cecropia. To illustrate the use of the isobar plot, 
let us consider the point 6.3, 0.63 in Figure 1, which represents the values computed 
for the observed gas exchange of the 1954 sample of Agapema pupae (RO, to 
IBRCO, ratio of 3.5:1, Table III). The distance from the Y or transfer-rate 
axis to this point is of course the valve area of 6.3 X 10-* cm? or 6.3 »?. The dis- 
tance from the X or valve area axis to the point is the rate of retention caused by air- 
flow (0.63 x 10-7 cm*/sec.). The vertical distance from the point to the Ra line 
is the rate of CO, release during the interburst period (RaCO, — RrAIR = IBRCO, 
= 1.25 — 0.63 = 0.62 x 10°* cm®/sec.). The further distance on the 6.3 ordinate to 
the horizontal broken line at 1.76 (which represents the over-all rate of CO, 
production by these pupae per spiracle) is the areal retention (RET,) or the frac- 
tion which could theoretically be retained by valve constriction alone—i.e., the re- 
duction in potential diffusive loss — (SRCO, — RaCO, = RET,CO, = 1.76 — 1.25 
= 0.51 x 10-7 cm*/sec.). 

Considering now the theoretical effects of decreased ambient pO, on the 1954 
Agapema pupae as a concrete test of the flow-diffusion theory, we know that spiracu- 
lar valve area must increase if O, uptake rate is to be maintained. The isobar plot 
shows us that all combinations of air-flow rates and valve areas that fit the meas- 
ured respiratory parameters of the 1954 pupae lie along the line AB. Any increase 
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in valve area, therefore, should call for decreased Ry, P and areal retention, and 
therefore for an increased interburst rate of CO, release. Specifically, if we imagine 
area to increase to 8 »* (line CD) and assume that the Rg line is constant (triggering 
pCO, remains at 45 mm.), Rr will fall to about 0.2 x 10-7 cm’/sec., interburst rate 
will increase to 1.57 — 0.2 = 1.37 k 10°? cm*/sec., RET, will decrease from 0.51 to 
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Figure 1. Relation between valve area (abscissa) and gas transfer rate (ordinate) at 
different barometric pressure deficits (curved lines). The two horizontal broken lines mark 
the over-all rates of CO, production in two samples of Agapema pupae. The diagonal broken 
lines connect points representing various ratios of O, uptake rate to interburst CO, release 
rate, the two solid points representing the values computed for the actual measurements for the 
two samples, and the hollow circles representing hypothetical values (Table III). Additional 
exposition in text. 


about 0.18 cm*/sec. and P will fall from 0.255 to about 0.052 mm. Hg. Clearly also, 
an increase in ambient pO, (inducing a decrease in valve area) would increase CO, 
retention by both increased P (air-flow) and by areal restriction. Insofar as inter- 
burst rate is concerned, therefore, the theoretical changes are in the observed 
directions. 
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Ficure 2. Plot corresponding to Figure 1, for Hyalophora. 


When changes in both metabolic rate and valve area occur (Responses No. 1-4, 
Table IV) the consequences are too complex to predict with any assurance. Thus, 
if we assume a change involving an increased metabolic rate it appears that valve 
area would have to increase, but it seems by no means excluded that part of the 
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extra O, needed could be supplied by steepening the O, concentration gradient in 
addition. Furthermore there is no assurance that the Rg line would remain un- 
changed. Accordingly, the best that can be said is that the observed increase in 
interburst leakage with increasing temperature and metabolic rate is allowed by the 
theory. 


VI. THuerory IN RELATION TO COMPLETE CYCLE 


Though the flow-diffusion idea has been applied primarily to the CO, retention 
of the interburst period, it is necessary to be certain that burst production is also 
provided for in the theory and that the two phases of the cycle are physically and 


' TRACHEAL AND TISSUE GAS 


{ TRACHEAL p CO, ‘“ IN EQUILIBRIUM 


, EQUILIBRATION WITH AIR ~ RESATURATION OF TRACHEAL 
GAS FROM TISSUES 


DUE TO FALLING TRACHEAL »CO> 


DUE TO RISING TRACHEAL pCO, 
7 
A ‘ STEEPENING GRADIENT: 
EQUILIBRATION WITH AIR I SUCTION DEVELOPING 
ee \ 


TRACHEAL ,0, 


GAS PHASE AND TISSUES 
EQUILIBRATED WITH AIR 


INFLOW AND INDIFFUSION 


O, UPTAKE RATE ; | Snvpoxiae (punt) 


' 
VALVE DILATES ——» Aare VALVE CONSTRICTS 


TIME 


Ficure 3. Time course of various respiratory parameters according to flow-retention theory 
(diagrammatic). See text. 


biochemically compatible. Furthermore the theory must account for any changes 
observed in O, uptake rate or O, tension. 

Figure 3 is a diagrammatic representation of the time courses of O, and CO, 
exchange, and of changes in pO, and pCO,, based on Warburg measurements on 
Agapema and Hyalophora and on theoretical considerations given below. Though 
the transfer curves are almost exactly the same as some actual diaferometer records 
of Punt for Carabus, Punt’s explanations of certain phases of the exchange differ 
from mine and have to be reconciled before the theory can be said to be supported 
by both methods of respirometry. 
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A. Time course of CO, release 


Considering first the CO, predictions, the decline in rate of CO, release which 
occurs during the burst and before valve constriction (Fig. 3B) might be expected 
on the basis of two findings of Buck and Keister (1958) on Agapema. First, some 
decline would be expected merely on the basis that tracheal pCO, has reached 
about 45 mm. Hg by the end of one interburst period yet has fallen at least to 
38 mm. by an early stage in the next. Second, the fact that less than 15% of the 
total burst volume can be present initially in the tracheal gas phase suggests that 
the burst might exhibit an almost instantaneous peaking of CO, output rate, repre- 
senting the exit of much of the tracheal (gaseous) CO,, which then declines as the 
more slowly released CO, from blood and tissues comes to predominate. This 
implies that tracheal pCO, may briefly fall below 38 mm. during the burst, as indi- 
cated by the broken part of the curve in Fig. 3A. Indeed this might be predicted 
from the fact that during the interburst period essentially the entire concentration 
difference between atmospheric and tracheal gases occurs across the spiracular valve 
(Buck and Keister, 1958), whereas during the burst, when the valve is widely 
dilated, the tracheal gas presumably equilibrates more thoroughly with ambient gas 
and the steepest rise in pCO, and fall in pO, should occur in the distal tracheae 
much closer to the actual tissues ; or at least the environment-tissue gradients should 
be much less steep than with a constricted valve. If, then, the spiracles constrict 
suddenly, there will be a delay in reaching the rate of CO, release characteristic of 
interburst, because tracheal gas must come into diffusion equilibrium with the 
(higher) blood CO, concentration before the steady-state interburst trans-spiracular 
out-diffusion gradient can be established. Hence there should occur a post-con- 


striction dip in the CO, release record (X, Fig. 3B). Punt, Parser and Kuchlein 
(1957), however, have a different explanation for the post-constriction dip which 
necessitates a critical consideration of the course of O, uptake. 


B. Time course of O, uptake 


When the O, uptake rates of diapausing pupae showing cyclic CO, release were 
first measured (Schneiderman and Williams) it was emphasized that there were 
no disturbances in the manometric records corresponding to the CO, burst periods. 
In most of our Warburg records, likewise, no irregularities exceeding the experi- 
mental variation between successive 5-minute readings were observed (Buck and 
Keister, 1955; see also Fig. 4A in this paper). In a few records, however, we 
did encounter statistically significant perturbations consisting sometimes of a small 
apparent excess O, consumption (first asterisk, Fig. 4B), sometimes of a small 
apparent deficiency in O, consumption (second asterisk, Fig. 4B) and, rarely, of 
a small diphasic episode (Fig. 4C). We interpreted all these irregularities as 
artifacts due to inability of the flask alkali to absorb instantaneously the large volume 
of CO, suddenly released in the burst. Thus a manometer read soon after a burst 
began, would, if CO, were leaving the pupa faster than it could be absorbed, appear 
to indicate a decrease in the otherwise steady rate of O, uptake, or even an apparent 
net production of gas (downward spikes in Figs. 4B and 4C). Conversely, if the 
manometer were read after the rate of CO, absorption by the alkali had “caught 
up” with the release rate of CO, of the burst, the rapid scavenging of the residual 
extra CO, would be added to the continuing O, uptake to give a spurious peak. 
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In agreement with this idea, the phase of apparently decreased uptake invariably 
precedes the peak of apparently increased O, uptake in instances where both sup- 
posed artifacts occur together. 

Punt (1956) and Punt, Parser and Kuchlein (1957) have recently reported 
that small spikes, synchronous with CO, bursts and sometimes diphasic, are a reg- 
ular feature of O, uptake in several species of insects, particularly carabid beetles, 
in both manometric and diaferometric records.* For the spikes in their Warburg 
records the Dutch workers have given the same explanation as we—that they are 
artifacts of equilibration—but for the diaferometer records, in which a peak of 
apparently depressed O, uptake follows the peak of increased uptake (Fig. 3D), 
they propose the quite different explanation discussed below. 

Punt and I agree that a rapid fall in tracheal pO., during which the tracheal 
gas is depleted of O, down to tissue level, should follow spiracular constriction 
(Fig. 3C) and that a rapid entry of O, should occur when the spiracles dilate at 
burst time and the tracheal pO, rises again to or near atmospheric level (Fig. 3D).* 
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Ficure 4. Rate of O, release in Agapema (Figs. 4A, B) and Rothschildia orizaba (Fig. 4C) 
to show non-significant (A) and significant (B, C, asterisks) fluctuations. See also text. 


It is also agreed that the falling phase of the down-spike just after spiracular con- 
striction (Y, Fig. 3D) represents the period when tracheal O, is passing into the 
tissues faster than it is entering through the spiracles (1.e., the period when, accord- 
ing to flow-diffusion theory, the increase in trans-spiracular in-diffusion gradient 
does not keep pace with the decrease in valve area, and the over-all intratracheal 
pressure deficit is established). Ostensibly these quantitative features of the O, 
record seem readily explicable on physical grounds. Though the computed inter- 
burst trans-spiracular gradients of O,, and the measured gradient of CO, in Aga- 
pema, are approximately equal (56-59 mm. and 45 mm., respectively; Tables II 
and III), the fact that the CO, capacity of the pupal blood is of the order of 55 times 


2 Heller (1930), in manometric records of O, uptake in diapausing Deilephila pupae, found 
that (translation) “Gas exchange took place not constantly, but at intervals whose length was 
inversely proportional to the intensity of metabolism. It appeared as if the stigmata were 
tightly closed and then opened at a definite CO.-tension in the tracheae.” 

8 According to flow-diffusion theory the sudden entry of O, should also involve at least a 
slight bulk in-flow component, before the minute total pressure deficit in the tracheae is equal- 
ized, and there should also occur a transitory and volumetrically minor out-diffusion of N.. 
However these transfers would not be separable from diffusive O. uptake by either method 
of recording. 
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that for O, (Buck and Friedman, 1958) makes it easy to understand (a) why the 
initial O, in-flow and in-diffusion spike (Fig. 3D), representing the volume of O, 
necessary to re-equilibrate the tracheal space and tissues with atmospheric O,, is 
so small in comparison with the CO, out-diffusion spike (burst, Fig. 3B), (b) why 
this O, spike would be submerged entirely in most Warburg records (Fig. 4A), 
and (c) why the rate of O, entry falls back to plateau level before the spiracle 
constricts.* However, Punt believes that spiracular constriction (‘‘closure”) ac- 
tually reduces respiration to the point where lactic acid accumulates, and that the 
increasing acidosis causes the interburst rise in tracheal pCO, (Fig. 3A). He sees 
evidence of O, debt in Carabus in a supposedly lower rate of O, uptake during 
interburst than during the burst (dotted line, Fig. 3D), and apparently regards 
the initial up-spike of O, uptake as going in part to pay off the debt. The question 
of whether the pupa does actually go into debt does not bear critically on whether 
bulk flow is involved in pupal gas exchange, but the matter merits further attention, 
both because of the intrinsic interest of the possibility of an organism making itself 
hypoxic in normal respiration, and in relation to the biochemical aspects of CO, 
retention and release. 

Punt, Parser and Kuchlein’s O, debt hypothesis appears to be questionable on 
the following observational and theoretical grounds: (1) The depressed interburst 
O, uptake to which they refer (Fig. 3D) shows, in my opinion, in only a minority 
of their Carabus recordings, is most marked at the beginning of interburst instead 
of at the end, and is lacking entirely in their cecropia records. (2) Since neither 
diaferometer nor Warburg respirometer distinguishes between true respiration and 
physicochemical equilibration, a change in over-all O, or CO, exchange rate need 
not reflect accurately the rate of true tissue oxidations. Thus during a temporary 
fall in “O, uptake rate” (Y, Fig. 3D) the tracheal supply might very well suffice 
to keep the tissue fully oxygenated until the gradient had steepened sufficiently to 
permit all metabolic needs to be met by steady-state in-diffusion or by in-diffusion 
supplemented by in-flow. Similarly, as discussed above, the transient dip in CO, 
release rate after spiracular constriction (X, Fig. 3B) can reasonably be ascribed 
to a temporarily low tracheal pCO, rather than to a depression in the actual rate 
of CO, production. (3) The mere impounding of CO, during interburst must 
lead to some reduction in alkaline reserve. Hence an increase in blood or tissue 
acidity, even if it were demonstrable, could well be the effect of a rise in pCO, 
rather than its cause. In any case acidosis would be no proof that hypoxia existed. 
(4) In view of the fact that in many insects (including Agapema) O, uptake rate 
does not begin to be O,-limited until ambient O, concentration has fallen to 1% 
or lower, it seems hardly reasonable that hypoxia can be a factor in cyclic respira- 
tion. Surely if interburst tracheal O, concentration is anything like the 96-99 mm. 
Hg (13%) estimated for Agapema on theory (Table III), an O, debt could not 
possibly develop. Furthermore, as we have seen, the responses of both Agapema 
and Hyalophora to changes in temperature, metabolic rate and ambient pO, are 
consistent with the idea that the valve area is carefully regulated so as to provide 
an adequate O, supply throughout the interburst period. Other evidence in fact 


4 The fact that neither dip (X or Y) appears in Punt, Parser and Kuchlein’s diaferometer 
records from the cecropia pupa (their Figs. 6 and 7) may mean that in this species the valve 
constricts gradually, or flutters, so that the rate of exchange never falls much below the inter- 
burst plateau level. 
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indicates that only where O, supply is high relative to demand can a cyclic type of 
CO, release occur (Buck and Keister, 1958). 

Burst frequency increases under conditions in which the rate of interburst CO, 
release increases (Schneiderman and Williams, 1955; Buck and Keister, 1955) 
whereas it ought seemingly to require a longer, not a shorter, time for the valve- 
triggering CO, concentration to be attained. This fact is explained by Punt, Parser 
and Kuchlein by saying that the conditions inducing an increased interburst release 
rate (low ambient pO., increased temperature or metabolic rate) make the O, debt 
develop more rapidly, so that tracheal pCO, reaches the triggering level sooner. 
However, Schneiderman and Williams found interburst release rate to increase 
more between 10° and 25° than did metabolic rate, so it is difficult to see how 
CO, could accumulate in the tracheae faster at high than at low metabolic rate. 
Probably the paradox is better explained on the assumption that the triggering 
pCO, falls with falling ambient pO, (or falling O, supply relative to demand). 
This would agree well with direct observations on spiracular opening in adult 
insects (Wigglesworth, 1953; Case, 1956), and with the conclusion reached by 
Schneiderman and Williams on the basis of the fact that burst volume is greater 


at lower temperatures. 


C. The triggering of the burst 


Two phenomena are invariably associated at the burst: spiracular valve dilation 
and sudden increase in rate of CO, evolution. It has been generally assumed that 
the valve dilation is the cause of the burst and that the accumulating CO, of inter- 
burst is the agent that induces the dilation (Buck and Keister, 1955, 1958; Schnei- 
derman, 1956; Buck, 1957). However, the buffering of CO, in insect blood 
follows the conventional pattern in which most of the H,CO, formed by hydration 
of free CO, combines with base to form bicarbonate (BHCO,).° Since acidifica- 
tion of such a liquid phase would obviously increase the concentration of free CO,, 
the possibility needs to be considered that the primary cause of the burst is a pro- 
duction of hydrogen ions in blood or tissues, spiracular opening also being due, 
directly or indirectly, to the same cause. Conversely, if this possibility should prove 
untenable, an explanation must be given of how mere dilation of the valve could 
trigger directly the escape of CO, from body buffers in addition to liberating the 
CO, in the tracheal gas. 

If generation of hydrogen ions were the immediate trigger of the burst, two 
possibilities might exist: (1) that the rate of release of CO, from buffers increases 
suddenly and markedly when a certain triggering hydrogen ion concentration is 
attained, or (2) that the rate of appearance of hydrogen ion suddenly increases. 
The first possibility is negated by the flatness of the curves relating pupal blood 


5 Bishop (1923) and Levenbook (1950) found the value of about 6.1 for the first dissocia- 
tion constant of carbonic acid in the larval bloods of the honeybee and of Gastrophilus, re- 
spectively, at 16-25° C. If this value is assumed for Agapema pupal blood, the Henderson- 
Hasselbalch equation shows that about 70% of the CO, should be in the form of bicarbonate 
at the normal blood hydrogen ion concentration of about pH 6.45. The BHCO,/CO, ratio is 
presumably still higher in the tissues, but in any case, since less than 15% of the CO, in the 
burst could come from gas initially in the tracheae, it is clear that a major portion of the CO. 
released during the burst must come from bicarbonate. For a review of buffering in insect 
blood see Buck (1953, pp. 182-186) and Levenbook (1950). 
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CO, capacity and pH to ambient CO, concentration (Punt, Parser and Kuchlein; 
Buck and Friedman) and by the relative smoothness of the buffer capacity curves 
for insect blood in general (¢.g., Prodenia, Babers, 1941; and Gastrophilus, Leven- 
book, 1950). There is no indication, in other words, that a sudden increase in rate 
of evolution of CO, could occur during the progressive accumulation of lactic acid, 
CO, or other normal acid metabolite. The second general possibility does not 
appear likely upon any conventional metabolic or biochemical grounds, nor has 
any evidence for its occurrence been adduced. In Agapema and Hyalophora, in 
fact, the loss, during the burst, of the amount of CO, impounded during the entire 
interburst period should involve at most a change in blood pH of only 0.02 units 
(Buck and Friedman). 

A hydrogen ion trigger for the burst is also contraindicated on the grounds that 
it would relegate spiracular activity to incidental or at least secondary significance 
in the cycle, in defiance of all the evidence of its primary involvement (Buck and 
Keister, 1955; Schneiderman, 1956; Buck, 1957). In particular, the fact that a 
burst can be induced by hypoxia or by mechanical intubation of a valve, treatments 
which are alike in involving the spiracles but are unrelated biochemically to each 
other (and also, at least in the case of intubation, unrelated to sudden generation 
of hydrogen ions), strongly favors spiracular dilation as the primary trigger of the 
CO, burst. In this connection it is significant that the triggering of a burst by 
hypoxia or by intubation can occur at any stage of the cycle, even just after a 
normal burst has concluded, and that the evolution of CO, does not cease, as nor- 
mally, after a given volume has escaped, but, if the valves are kept open, continues 
until all the reserve CO, in the body has escaped (Buck and Keister, 1955). It is 
significant also that in the only work in which the effects of CO, and hydrogen 
ion on spiracles have been tested independently (Case, 1957), dilation was shown 
to be controlled by CO, tension, not by acidity. Finally, spiracular valve move- 
ment depends on muscles and since muscles typically give sudden responses, once 
a threshold level of stimulating agent is reached, and show ready reversibility of 
action, it might be argued that spiracular triggering of the burst has more intrinsic 
probability than a sudden break in a buffer system. 

If a direct chemical triggering of CO, evolution is rejected, it remains to pro- 
pose a mechanism by which the physical act of spiracular dilation could cause un- 
loading of bound CO,. It appears that this would come about rather naturally by 
mass action effect. The connecting of the tracheal gas space with the CO,-free 
ambient atmosphere should cause the depletion of both the CO, in the gas phase 
and that in the aqueous (blood and tissue) phase with which it was effectively in 
equilibrium during the interburst period. This depletion should promote the dis- 
sociation of the small amount of H,CO, present and this in turn should induce the 
formation of more H,CO, from bicarbonate. The bicarbonate may be converted 
to carbonic acid through exchange reactions with proteins, which are the main 
blood buffers in many insects, or with certain free amino acids. 

In sum, the observed time courses of both O, and CO, exchange appear to be 
satisfactorily accounted for without invoking hypoxia. Punt’s diaferometric rec- 
ords therefore in general provide an excellent fit to the predictions of the flow-dif- 
fusion theory. The only considerable discrepancy concerns the gradual rise in CO, 
release rate during the interburst period which should occur if CO, is being im- 
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pounded (unless, as seems highly unlikely, the valve tightens progressively so as 
to keep leak rate constant). Such a rise does not appear to be present in the 
diaferometer records, although it is difficult to be certain because of prevalence of 
galvanometer drift and absence of reference baseline. In Agapema, such a rise 
was demonstrated statistically even though individual Warburg records did not 
appear to show it (Buck and Keister, 1958), and it is conceivable that the same 
would be true of the diaferometer measurements. 


VII. Discussion AND SUMMARY 


In certain non-ventilating insects the metabolic CO, is impounded for long 
periods alternating with brief, sudden ‘“‘bursts” of rapid release. During the burst 
the spiracular valves are open wide, and during the interburst period they are con- 
stricted. The starting point of this essay is the fact that the rate of CO, output 
during the interburst period is so low, in comparison with the concurrent rate of 
O, uptake, that it cannot be explained on the basis of pure diffusion. The thesis is 
put forward that the interburst valves are sufficiently restricted that (a) O, cannot 
at first diffuse inward as fast as it is being consumed, hence (b) a slight negative 
intratracheal pressure develops which in turn (c) induces a mass in-flow of air 
that (d) both augments the inward transfer of O, and impedes the out-diffusion 
of CO,. In support of this thesis: 


1. It is shown by computations based on measured valve length and tracheal 
pCO, that rates of air in-flow can exist that account not only for the degrees of 
interburst CO, retention actually observed in pupae of the saturniid moths Agapema 
and Hyalophora (cecropia), but for a wide range of theoretical O,/CO, transfer 
ratios. 

2. The computations provide not only for a steady-state of disparate O,/CO, 
transfer but for a concurrent equilibrium between the in-flow of N, of the air and 
the out-diffusion of N, which accumulated in the trachea during the initial stages 
of air in-flow. 

3. The values of tracheal pO., tracheal pN., interburst spiracular valve area 
and total trans-spiracular pressure head which are necessary to satisfy the require- 
ments of an interburst flow-diffusion steady-state are physiologically and anatomi- 
cally reasonable. 

4. The theory is compatible with changes in pupal CO, release rate which occur 
in response to changing ambient pO., temperature and metabolic rate. 

5. The theory is compatible with the observed time courses of both O, and CO, 
transfer during both the burst and interburst periods of the cycle. 

6. Although not critically affecting the flow-diffusion theory, it is of general 
interest that empirical and theoretical considerations indicate that (a) the spiracular 
valves are the primary trigger of the burst, (b) the area of the constricted inter- 
burst valve is modulated with respect to ambient pO., (c) valve dilation at the 
burst is a response to intratracheal pCO.,, not tissue pH, and (d) hypoxia does 
not occur during the cycle. 


It should be emphasized that the principal objective of this paper is to demon- 
strate the theoretical existence of an internally-consistent quasi-steady-state of gas 
exchange in which O, may pass into the respiratory system at many times the 
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rate at which CO, escapes. The actual magnitudes of the valve area, tracheal pO., 
pN, and total pressure head which are required to fit a given set of empirical data 
are of quite secondary significance, and they are at least slightly in error because 
of various simplifying assumptions and computational shortcuts. Furthermore, | 
have not attempted to deal quantitatively with the transition period at the end of 
the burst, during which the (unknown) intratracheal gas tensions prevailing just 
before spiracular constriction must change abruptly to those that appear to persist 
throughout most of the interburst period. However, a sufficient range of absolute 
respiratory rates, true respiratory quotients, CO, retention ratios and spiracular 
dimensions has been explored (Table III) to give confidence that an arithmetical 
fit can be made, and biologically reasonable parameters derived, for any set of 
empirical requirements likely to be found in insects or other organisms in which 
gas exchange occurs through small apertures. 

Although the theoretical basis of flow-diffusion transfer in gases has apparently 
not been studied in detail, nor has the quantitative description of a flow-diffusion 
steady-state been attempted previously, there is abundant empirical evidence both 
for the actual existence of flow-diffusion and of situations in which it should occur. 
For example, the development of a negative intratracheal pressure due to O, 
being lost faster by diffusion than it can be replaced by other gases has been amply 
demonstrated (Buck and Keister, 1956). The possibility of simultaneous involve- 
ment of flow and diffusion across the alveolar neck of the mammalian lung was 
suggested by McCutcheon (1953), though on the basis of a defective model ex- 
periment, and it has been shown (Volhard, 1908; Draper and Whitehead, 1949; 
Holmdahl, 1956) that non-ventilating, denitrogenated mammals can be maintained 
for over an hour purely on O, that is aspirated through a tracheal cannula due to 
diffusive uptake of O, in the alveoli. In such animals the transfer path is so long 
that the in-flow essentially prevents any out-diffusion of CO,, and there is, of course, 
no N, equilibrium involved. Nevertheless, the preparation clearly demonstrates 
the suction that can be set up by normal respiration, the slowness of the rise of 
pCO, in blood and tissue buffers, and the effectiveness of counterflow in impounding 
CO,. Non-replacement of pulmonary O, by CO, can also be seen in the findings 
of Otis, Rahn and Fenn (1948) on gas exchange in man when the breath is held. 
Here, intra-alveolar respiratory quotients of 0.1-0.2 were found—i.e., CO, escape 
from the tissues did not nearly compensate for O, uptake. On the botanical side, 
Scholander, van Dam and Scholander (1955) have recognized the occurrence of 
respiration-dependent air in-flow in mangrove roots, actually measured the suc- 
tion that develops, and inferred that the internal pN, must rise because of “the 
very slight changes in carbon dioxide concentrations as compared to the oxygen 
variations.” Finally, the very recent direct analyses of tracheal gas in cecropia 
pupae by Levy and Schneiderman (1957), in which interburst O, concentration 
was stable at 4.6% and interburst CO, concentration rose gradually from 4.2 to 


6.4%, practically prove the existence of an elevated interburst pN, and provide 


rather convincing evidence for the existence of a flow-diffusion mechanism of the 
sort defined in the present paper. In this connection it is interesting that in almost 
all published analyses of insect tracheal gas, the combined O, and CO, concentra- 
tions fall well below 21%. This suggests the presence of a higher-than-atmospheric 
tracheal pN., and tends to strengthen the idea that the CO, burst cycle may be an 
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exaggeration of a normal respiratory behavior which is unexpectedly widespread 
in non-ventilating insects with valvular spiracles (Buck, 1957; Buck and Keister, 
1958). 

In sum, it appears that the simultaneous occurrence of both bulk flow and 
diffusion in respiration is neither theoretically questionable, insofar as mechanism 
is concerned, nor particularly novel, insofar as its probable occurrence in a number 
of widely diverse organisms is concerned. In spite of this, the unique properties 
and potentialities of the system seem not to have been clearly recognized heretofore, 
either biologically, in connection with non-metabolic CO, retention, and production 
of spurious respiratory quotients, or physically, as a situation in which, for example, 
a “‘permanent” concentration excess of N, can be maintained within a space. Per- 
haps the extraordinary nature of flow-diffusion gas transport, and its descriptive 
similarity to active uptake in liquid phase systems, are best thrown into relief by 
the statement that the interburst period is one in which the pupa is, in effect, selec- 
tively filtering O, molecules out of the ambient air. In the exploration of the 
properties of this unusual gas-phase system, the principal aims of the present in- 
vestigation have been (1) to suggest a way in which “the system avoids getting 
jammed with nitrogen” (Scholander, van Dam and Scholander), (2) to work out 
some sets of arithmetically compatible respiratory parameters that are both physio- 
logically reasonable and capable of accounting for a wide range of degrees of CO, 
retention, and (3) to call attention to the capabilities of minute total pressure 
heads in maintaining physiologically significant bulk gas flows. 


The list of colleagues to whom I am deeply in debt for encouragement and help 
is a measure of my misgivings about being forced to venture into a relatively 
uncharted domain. Drs. Rubert Anderson, Heinz Specht and Jacob Verduin in 
particular have been active as basic educators throughout the evolution of the 
theory, and some of their specific contributions have been acknowledged elsewhere. 
In addition the study has benefited greatly, on both the physical and biochemical 
sides, from my discussions with Drs. F. S. Brackett, John Hearon, E. H. Kennard, 
L. Levenbook, Robert Ramsey, John Severinghaus and John Weske. Rather early 
in the game, Dr. F. A. Brown, Jr. urged on me the idea of flow-retention, as seen 
in his pure O, respirometer (Brown, 1954), but I was for a long time doubtful 
of its involvement because I could not see how progressive accumulation of N, 
could be avoided during respiration in air. Finally, however, Dr. Roscoe Bartlett 
suggested that the intractable problem of gas transfer in a ternary system might 
yield to successive approximations, and this proposal led eventually to the present 
method of dealing with the N, equilibrium quantitatively. 
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A NEW STOMATOPOD CRUSTACEAN OF THE GENUS “” 
LYSIOSQUILLA FROM CAPE COD, MASSACHUSETTS 


FENNER A. CHACE, JR. 


Smithsonian Institution, Washington, D. C. 


Of the eight recognized genera of Recent stomatopods, Lysiosquilla is probably 
the most heterogeneous and most difficult to define satisfactorily. To this genus 
have been assigned those species that have the carapace devoid of carinae and without 
a complete cervical groove ; the abdomen flattened dorsally and without longitudinal 
carinae on the first five somites; the telson without a distinct median carina; the 
antepenultimate segment of the raptorial claw grooved for its entire length and not 
produced proximally beyond its articulation with the preceding segment; the 
penultimate segment of the claw finely pectinate or spinose along the outer part of 
its dorsal edge ; and the terminal segment armed with four or more teeth and not in- 
flated proximally. The nearly 40 known species and subspecies of Lysiosquilla in- 
clude the largest and some of the smallest stomatopods. Only seven of them have 
been previously recorded with certainty from the western Atlantic, and none have 
been added to the genus from this region since 1900. L. scolopendra (Latreille, 
1825) must be treated as a doubtful species, possibly synonymous with L. excavatrix 
Brooks, 1886, and L. plumata and L. maiaguesensis, both described from immature 
specimens by Bigelow in 1901, were correctly transferred to Pseudosquilla by 
Schmitt (1940). The larval forms collected by the “Challenger” Expedition off St. 
Vincent, British West Indies, and variously called Coronis (Erichthus) minutus, 
Lysiosquilla (Coronis) minutus, Erichthus (Coronis) minutus, and Lysiosquilla 
(Lysioerichthus) minutus by Brooks (1886) cannot be identified with the adults of 
any known species until the life-histories of those from the western Atlantic are 
known much better than they are at present. 

As material of all of the species previously described from the American Atlantic 
was available for study, a key to these species has been appended to this paper. The 
publications by Balss, Bigelow, Kemp, Lemos de Castro, and Schmitt, listed in the 
bibliography, are the most important ones for students of American stomatopods ; 
from them, references to most of the scattered literature on the group can be 
obtained. 


I am very grateful to Mr. Milton B. Gray of the Marine Biological Laboratory, 
Woods Hole, Massachusetts, for collecting the material on which the following 
description is based and to Dr. Marian H. Pettibone of the University of New 
Hampshire for calling my attention to the species. 


Lysiosquilla grayi, n. sp. 


Material examined: Bass River, Yarmouth, Massachusetts ; burrowing in muddy 
sand near low-water mark; Milton B. Gray, collector; May 1, 1954;2 males. Same; 
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July 31, 1954; 2 females (one is holotype, U. S. National Museum Cat. No. 100931). 
Same; May 23, 1955; 4 males, 4 females. Same; March 18, 1957; 2 males, 5 
females. 

Description: Carapace very short, about as long as combined lengths of first 
three exposed thoracic somites ; smooth dorsally, with vestige of cervical groove on 
inner part of each lateral plate; lateral angles broadly rounded. Rostral plate 
smooth, subrectangular with convex lateral margins, distinctly broader than long, 
and terminating anteriorly in an obtuse angle. First exposed thoracic somite un- 
armed but with rounded anterolateral lobe that gives shallowly bilobed appearance 
to lateral margins. Lateral margins of other three exposed thoracic somites slightly 
concave in lateral view. Abdominal somites smooth and unarmed except for sharp 
posterolateral angles of sixth somite. Telson about half again as wide as long, 
smooth, swollen, and unarmed dorsally except for three very broadly obtuse lobes 
which form a nearly entire marginal eave overhanging true posterior margin. 
Marginal armature consisting of five pairs of sharp posterolateral fixed teeth, a row 
of 15 to 18 slender, upcurved, fixed posterior spines, and a larger, movable, up- 
curved, ventral spine at each end of row of posterior spines. 

Cornea broad, set obliquely on stalk, and bulging outward laterally but not 
bilobed. Antennular peduncle exceeding eye by most of terminal segment. Anten- 
nal peduncle slightly exceeding antennal scale but not reaching beyond middle of 
cornea. Mandibular palp lacking. Antepenultimate segment of raptorial claw not 
carinate but with acute tooth at distal end of dorsal margin. Penultimate segment 
with four movable spines on inner side below pectinate margin, first folded into 
groove and third much the smallest. Terminal segment armed with 11 to 15 teeth, 
including apical one; opposite margin with prominent blunt lobe at base, followed 
by a low, broadly obtuse one. First two pairs of exposed thoracic appendages with 
shorter branch very broadly oval, almost subcircular; that of third pair more nar- 
rowly ovate. Basal segment of uropod with two long spines, inner one stouter, 
longer, and more prominently carinate than outer one; basal segment of outer branch 
with six movable, spatulate spines, distal one strongly curved and reaching to middle 
of terminal segment of outer branch. 

Size: Holotype female approximately 40 mm. long from tip of rostral plate to 
end of telson; carapace, not including rostral plate, 5.5 mm. long. There is little 
size variation in the specimens examined: males have a carapace length of 5.0 to 
6.0 mm., and females of 5.3 to 6.0 mm. 

Color: Scattered dark chromatophores on a creamy surface in both sexes. In 
the figured holotype, the chromatophores are more numerous than usual because the 
specimen was apparently approaching a molt and chromatophores are visible in the 
underlying cuticle. 

Remarks: Lysiosquilla grayi is very closely related to L. decemspinosa Rathbun, 
1910, which occurs in a similar habitat in Peru, and Costa Rica. All of the seven 
known specimens of the latter species are smaller than those of L. grayi, the carapace 
lengths ranging from 2.5 to 3.3 mm. Schmitt (1940) believed that all of these speci- 
mens might be immature. All but one of the specimens differ from the Atlantic 
form in having only three pairs of fixed posterolateral teeth on the telson, but one 
of them, a male with a carapace length of 2.7 mm., has two additional pairs of small 
teeth, making a total of five pairs as in L. grayi. Perhaps of more significance is 
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the fact that the number of fixed posterior spines on the telson ranges from 18 to 23 
in L. decemspinosa, whereas there are only 15 to 18 in L. grayi. Also, there are 
10 to 12 teeth on the terminal segment of the raptorial claw in the Pacific species, 
as contrasted with 11 to 15 in the Atlantic one. Until additional material becomes 
available, it seems best to consider the present species distinct from its Pacific 
analogue. 

The possibility that L. grayi is the adult stage of L. minuta Brooks, 1886, from 
the Caribbean region cannot be disregarded entirely. As mentioned above, how- 
ever, this larval form must remain a questionable species until we know more of the 
life-histories of the American stomatopods. 

Both L. grayi and L. decemspinosa are unusual in lacking a mandibular palp. 
Most of the known species of Lysiosquilla, including all of those previously de- 
scribed from the western Atlantic, have a three-segmented mandibular palp, but 
this character cannot be considered of more than specific importance until the entire 
genus is reviewed. As pointed out by Kemp (1913), there are several stomatopod 
genera in which the mandibular palp may be either well developed or entirely absent. 

The color pattern in both sexes of L. grayi is very similar to that in the female 
of L. excavata Brooks, but males of the latter species are uniformly dark brown. 


The western Atlantic species of Lystosquilla, although few in number, demon- 
strate the possible evolution of the telson in this genus remarkably well. In L. 
glabriuscula, the dorsal surface of the telson bears a slightly raised, triangular, me- 
dian boss, the apex of which does not nearly reach the posterior margin. In L. 


scabricauda, there is a similar triangular boss, but it is more elevated, especially at 
the apex which, however, does not reach to the posterior margin. In L. polydactyla, 
there is no raised area, but a flattened, faintly bilobed median lobe, which may repre- 
sent the apex of the triangular area in the preceding species, projects above and 
beyond the posterior margin of the telson, and a sharp tooth projects posteriorly 
from the dorsal surface on either side of the median lobe. A similar arrangement 
is found in L. platensis, but the median lobe is faintly carinate in the midline and 
distally trilobate, and the lateral teeth are acute lobes supported by prominent 
carinae. There is a similar, flattened, distally trilobate projecting lobe in L. armata 
but it is flanked by two sharp spines on either side. In L. biminiensis, the median 
projection is a sharp spine which is flanked on each side by two similar spines on 
a slightly lower level. In L. grayi, the median and submedian projections are so 
broadly obtuse and poorly defined as to form a nearly entire false margin projecting 
over the true posterior margin. Possibly the most advanced stage is represented by 
L. excavata, in which the posterior projections are also broadly obtuse and ill 
defined, but the false margin thus formed is so little separated from the true posterior 
margin that the latter practically disappears, and the marginal spines seem to arise 
from the ventral surface of the telson. 


Key TO THE WESTERN ATLANTIC SPECIES OF LySIOSQUILLA 


1. No submarginal spines on ventral surface of telson 
One or more pairs of submarginal spines apparently arising from ventral surface of telson. .6 
2. Triangular median area on dorsal surface of telson not distinctly projecting posteriorly. 
Basal segment of uropod with two spines. Shorter branch of all exposed thoracic legs 
straplike, curved 
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Pirate I. Lysiosquilla grayi, female holotype. 


Dorsal view of entire animal. X 3. 

Dorsal view of anterior end. X 7.5. 

Inner surface of right raptorial claw. 7.5. 
Ventral surface of posterior end. X 7.5. 
Lateral view of telson. X 7.5. 
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Telson with a median, dorsal, tonguelike projection reaching to or beyond posterior margin. 
Basal segment of uropod with three spines. Shorter branch of all exposed thoracic legs 
ovate 

. Abdomen unarmed. Dactyl of raptorial claw with 5 or 6 teeth, including terminal one 
I cae ia, Pas ei giles eae AR See SO ate al eg L. glabriuscula (Lamarck, 1818) 

Fifth and sixth abdominal somites with posterior margins spinose in adult specimens. Dactyl 

of raptorial claw with 8 to 12 teeth L. scabricauda (Lamarck, 1818) 
. Fourth and fifth abdominal somites unarmed. Basal segment of uropod with outer, distal 
spine longer than penultimate one 

Fourth, fifth, and sixth abdominal somites spinose posteriorly. Basal segment of uropod 
with outer, distal spine shorter than penultimate. Dactyl of raptorial claw with 10 or 11 
Maen: Sena CN Oi oii oa eo ales cis a ododetoniacs L. armata Smith, 1881 

. Rostral plate wider than long. Dorsal surface of telson with pair of sharp submedian carinae 
terminating posteriorly in strong submarginal teeth. Dactyl of raptorial claw with i3 or 
Se I, SE WINN GOIN oo rn cccnesncksscandmeresamennsaees L. platensis Berg, 1900 

Rostral plate longer than wide. Telson with pair of submedian dorsal projections but no 
sharp carinae. Dactyl of raptorial claw with 17 to 20 teeth 
Laie apceaend Cer ake oe aks hak wana Magan ale L. polydactyla Von Martens, 1881 

. Rostral plate subrectangular or subtrapezoidal. First segment of exposed thoracic legs 
unarmed. Basal segment of uropod with inner spine about half again as long as outer 


Rostral plate heart-shaped. First segment of exposed thoracic legs with posterolateral 
spine. Basal segment of uropod with outer spine very broad and about twice as long as 
slender inner one. Dactyl of raptorial claw with 15 or 16 teeth... excavatrix Brooks, 1886 

. Rostral plate narrowing distally, about as broad as long. Telson with row of five strong 
dorsal spines extending to, or slightly beyond, posterior margin; movable, submedian spines 
arising below margin. Dactyl of raptorial claw with 15 or 16 teeth 
ia hPa Sid Hil oe TUS bh kin aw oe Ce Be eee L. biminiensis Bigelow, 1893 

Rostral plate subrectangular, much broader than long. Dorsal surface of telson unarmed but 
produced posteriorly in an eave or false margin overhanging marginal spines. Dactyl of 
SUUEENE CHEE WED ED BO: BF GIs sic es kee nnn cckrtenecossiscacchen L. grayi (see above) 
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LIFE-HISTORY AND BIOLOGY OF THE OYSTER CRAB, 
PINNOTHERES OSTREUM SAY 


AAGE M@LLER CHRISTENSEN ! AND JOHN J. McDERMOTT 


Oyster Research Laboratory, Rutgers University, N. J. Agricultural Experiment Station, 
Bivalve, N. J. 


While the adult female of several species of the pea crab, Pinnotheres, has been 
known since ancient times, it is not clear when the first male was observed and de- 
scribed. The earliest reference available to the present authors was found in a paper 
by Thompson (1835). 

He describes the male of P. pisum as being firm in texture, with compressed, 
hairy appendages and of flatter form and much smaller size than the (adult) globu- 
lar, soft-shelled female. Such hard-shelled P. pisum were generally all thought to 
be males until Orton (1921) demonstrated the existence of hard-shelled females, 
which except for differences in the genital apertures and the pleopods proved to be 
indistinguishable from the males. However, hard-shelled females were known 
in at least four other species of Pinnotheres prior to 1921 (Rathbun, 1918). Pos- 
sibly, Thompson (1835) was also aware of this in P. pisum as he states, “For a 
considerable time the young females are scarcely to be distinguished from the males, 
and in this stage both differ so much from the adult, as to render it probable that 
they have often been taken for individuals of different species, . . .” 

Orton (1921) was the first to find a soft-shelled male, which except for the same 
characteristics as mentioned above resembled the immature female of similar size. 

A few years later, Atkins (1926) studied and described all the growth stages of 
P. pisum found in Mytilus edulis in English waters. As Orton, she regarded the 
hard-shelled crabs as free-living, invasive crabs, a point of view which the author 
later abandoned (Atkins, 1954, 1955). Hence the hard-shelled stage of both 
sexes was designated as Stage I. In the female, four more stages were described, 
the fifth and last stage being the mature crab. In the male, only the hard-shelled 
stage was described, no reference being made to Orton’s discovery of a soft-shelled 
specimen. It was stated, however, that a few abnormal males were found. Soft- 
shelled males were found also by Mercier and Poisson (1929), who stated that they 
were abnormal due to the influence of an entoniscid parasite. Later Atkins (1933) 
disproved this statement and expressed the hope of discussing the matter in a later 
paper as she still considers these males as abnormal. 

Stauber (1945) found and described similar growth stages in P. ostreum from 
the American oyster, Crassostrea virginica. He therefore followed Atkins (1926) 
in designating the hard-shelled stage as the first (invasive) stage, which in the fe- 
male is succeeded by four more stages as in P. pisum. Stauber also found a num- 
ber of soft-shelled males, evidently corresponding with the finds of P. pisum men- 
tioned above. With some reservation, he referred these males to a second stage 


1 Present address: Det marinbiologiske laboratorium, Helsinggr, Denmark. 
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following the hard-shelled stage. This hypothesis does not agree with the general 
belief that the hard-shelled male is the adult stage of this sex. 

Although numerous species of Pinnotheres have been described (Burger, 1895; 
Rathbun, 1918; Tesch, 1918; and others), knowledge about post-larval stages, other 
than the adult, is scarce for all species except the two mentioned above. Only in 
two species has the first crab stage been described, viz. in P. taylori by Hart (1935), 
and in P. ostreum by Sandoz and Hopkins (1947). In both cases the crabs were 
reared from the egg in the laboratory, and the stage has never been reported from 
nature. 

The latter paper included a description of the early developmental stages of which 
there proved to be four zoeal stages, of which the first two had been described earlier 
(Hyman, 1924), and one megalopa. It therefore almost completed our knowledge 
of the whole developmental cycle in any pea crab for the first time. The authors, 
however, pointed out that two or more instars were still unknown as the two crabs 
reared by them measured only about 0.6 mm. in carapace width while the smallest 
hard-shelled P. ostreum found by Stauber (1945) measured 1.4 mm. 

Much to our surprise, the missing instars as well as the first crab stage were 
found in a number of oyster spat collected in Delaware Bay on August 17th in 
1955. This meant that the hard-shelled stage could not be the first invasive stage. 
The fact that hard-stage crabs of several species of Pinnotheres have been taken 
free in the water (Verrill and Smith,? 1874; Rathbun, 1918; Berner, 1952; and 
others), or trapped between the valves of their host (Orton, 1921; and others), had 
to be explained otherwise. Two hard-stage oyster crabs were also caught outside 
their host by the present authors. In addition to the description of the new growth 
stages, a re-investigation of the biology of P. ostreum was therefore decided upon. 
This seemed especially worth while since Stauber’s paper is the only comprehensive 
work on the biology of any pinnotherid crab. This seems strange considering that 
the genus Pinnotheres alone comprises more than a hundred species, unless, which 
is very possible, many of them are synonyms. The results of our subsequent stud- 
ies are the subject of the present paper. 


We wish to express our sincere appreciation to Mrs. Grete Mgller Christensen, 
Mr. Donald E. Kunkle and Mr. William Richards for their unfailing interest in our 
work and for invaluable help in collecting and opening numerous oysters, as well 
as for help rendered in various other ways. We are much indebted to Dr. Leslie A. 
Stauber of Rutgers University for reviewing the manuscript, and for giving us 
access to his collections of oyster crabs as well as his unpublished data on the sub- 
ject. The director of the N. J. Oyster Research Laboratory, Dr. Harold H. Haskin, 
gave our work his enthusiastic support for which we express our sincere gratitude. 
The senior author gratefully acknowledges the grants from the Fulbright Founda- 
tion and the Danish State Scientific Foundation which made his visit to the United 
States possible. 

MATERIALS AND METHODS 


The present work on the biology and life-history of P. ostreum was carried out at 
the New Jersey Oyster Research Laboratory, Rutgers University, from August, 
1955 to December, 1956. 


2 Judging by their figure, Pl. I, Fig. 2, the species found was P. maculatus, and not P. 
ostreum as stated. 
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Studies on the rate of growth and development, one of the primary objects, were 
based on extensive collections in the field. Since such factors as the age and size 
composition of the host populations, as well as the environmental conditions, could 
be expected to vary from one area to another, it was important to eliminate as many 
of these variables as possible. We decided, therefore, to find one or two small 
grounds in Delaware Bay with a good set of 1955 oyster spat and with a high in- 
cidence of infestation with oyster crabs. These grounds were then to be sampled 
at regular intervals throughout the period of investigation. This procedure enabled 
us to deal with local populations of oysters and crabs of known year-classes. It 
also eliminated the risk of dealing with oyster populations exhibiting different 
incidences of infestation, a factor which later proved to be very important to the 
interpretation of the assembled data. 

One ground was selected at Pierces Point about ten miles north of Cape May 
Point, and another was selected about two miles west of Pierces Point on the Bay 
Shore Channel Bed, an area where commercial oyster dredging is prohibited. At 
Pierces Point, oysters were collected by hand at low water when the oysters were 
exposed. Here a heavy mortality of the 1955 spat occurred late in the winter of 
1955-1956, wherefore sampling was discontinued except for a few samples during 
the summer of 1956, and sampling of 1956 spat in the fall of that year. On the 
Bay Shore Channel Bed the depth at mean low water is about 6 meters, and here 
oysters were obtained from the research vessel “Julius Nelson.” Little mortality of 
the 1955 spat was noted on this ground, but some mortality of the crabs occurred in 
February and early March of 1956 (Fig. 5). 

In addition to the regular collections of crabs from 1955 spat (Table I), other 
collections, which included crabs from older oysters as well as from 1956 spat, 
were made on the above mentioned as well as other grounds in Delaware Bay. 
An effort was made to secure a high number of crabs at each collection. As seen 
in Table I, the lowest number taken in the series of regular samples was 55, and 
most of the samples contained more than a hundred crabs. Collections began at 
a time when most of the 1955 crabs were still in the first crab stage, thus enabling us 
to study the whole post-planktonic life cycle of the crab. 

On the Bay Shore Channel Bed, which constituted our main sampling ground, 
bottom temperatures were determined with a reversing thermometer on each collect- 
ing date. 

Oysters brought back to the laboratory were, with few exceptions, examined 
alive and always under a dissecting microscope. Infested oysters, and from time 
to time also all of the uninfested oysters collected along with them, were measured 
to the nearest 0.5 mm. in length with vernier calipers. The crabs were measured 
under the microscope to the nearest 0.1 mm. in carapace width. The smaller 
crabs were measured with a calibrated ocular micrometer, while the majority were 
measured on a millimeter glass ruler or by vernier calipers. The amount of error 
was judged to be the same for the last two methods, as they were checked on sev- 
eral occasions. Unless otherwise indicated, all crab sizes in the present paper 
refer to the width of the carapace. 

Notes on the general condition, amount of gill damage caused by the crab, and 
other pertinent data concerning the infested oysters were taken on the majority of 
the collections. 

All of the oyster crabs found, except those used for dissections and experiments, 
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were preserved in alcohol, and specimens of the new instars have been deposited in 
the United States National Museum and in the Zoology Museum of the University 
of Copenhagen, Denmark. 

For various reasons it was decided to reserve a detailed description of the new 
instars and the necessary revision of the numbering of all the post-planktonic growth 


TABLE [ 


Number and mean size for each collection of oysters and oyster crabs of the 1955 
year-class taken at Pierces Point and the Bay Shore Channel Bed, 
with a column showing the incidence of infestation 


Range in cara- Mean cara- | _ Incidence of 
pace width | pace width | infestation in 
in mm, } in mm. per cent 


Number of Mean length 
infested of oysters 
oysters in mm. 


Total number 
of Pinnotheres 


Date of 
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215 0.6- 
130 0.7- 
55 et 
99 0.9- 
86 | 0.8- 
16 | 2s 


Bay Shore Channel Bed 


193 
130 
139 

81 
127 
124 

96 
104 
110 
100 
124 
106 
113 
119 

63 
119 
114 


ND NH Nh dN hb 
NN Ue NON SS 


S 
oO 
| 


192 
-56 120 
-56 | 134 
-56 | 81 
-56 | 127 
-56 | 124 
56 | 96 
56 103 
-56 110 
-56 100 
56 116 
-56 103 
— 7-56 108 

- 1-56 | 118 

- 8-56 | 63 
8-56 118 

12— 9-56 114 
9-10-56 100 


| 


ywenon 
| 
CONN NN DR WN DN DK W 


o 
CONDI NUP 


Aaannonon 


' 


No ee oe oe oe 


w 


| 


WIIADAUNUN SE wn ed 
NNO ON ONAN DUA e 


OW RK OMEN Ne NN Oo 
eo 
n 


NSN WHOANUWEO CHARON 
UPrNNNNE RE ee SOOSoS- SS 


Oe Pe HW WN DN NN DN WN 
hr & dD OO UL © OF DA © 


* Measurements from formalin preserved specimens. 


stages to a second paper. Consequently the present paper only includes such brief 
notes on the new instars, as well as the previously described stages, as is necessary 
to the understanding of the following account of the life-history and biology of the 
crab. 

Laboratory experiments and observations were carried out to a limited extent, 
and some of the moulting experiments yielded valuable information. Holes were 
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chipped in the ventral portion of oysters to insert crabs of known stage, sex and 
size with the hope that moulting might occur. Although only a small percentage 
of the crabs moulted, the method proved valuable since crabs kept in Petri dishes 
did not moult at all except in those cases where the crabs were obviously ready to 
moult on arrival to the laboratory. Oysters for the above purpose were generally 
collected from the upper parts of the Delaware Bay Natural Seed Beds where the 
percentage of oysters infested with the oyster crab was very low. Occurrence of 
moulting inside the oysters could be detected without opening them since the cast 
exoskeleton is ejected shortly after a moulting has taken place. 


GROWTH STAGES IN PINNOTHERES OSTREUM 


As indicated earlier, the hard-shelled stage is not the first invasive stage. The 
true invasive stage is the first crab stage. Proof of this are the following facts: 
1. The morphology of the first crab stage shows adaptations both for a free-swimming 
existence and for entering the host. 2. The first crab stage was found abundantly 
inside oysters but it was also collected in plankton samples in Delaware Bay. 3. 
While all subsequent stages were found inside oysters, no earlier stages, such as 
the megalopa which was suggested by Atkins (1954) to be the invasive stage in 
P. pinnotheres, were ever taken in the host animals. 

In the following, therefore, Stauber’s (1945) Stage I will be referred to as the 
hard stage. The new instars between the invasive stage and the hard stage will be 
called the pre-hard stages, a term which is arbitrarily defined as excluding the in- 
vasive stage. To avoid confusion with the earlier literature, and because we have 
not yet been able to assign pre-hard crabs to definite growth stages, we have ad- 
hered to the numbering of the post-hard stages as given by Stauber, except for the 
male in which we found that no post-hard stage exists. In addition to the following 
remarks, the summary of the main characteristics of all post-planktonic growth 
stages presented in Table II should be helpful to the reader. 


Invasive stage 

The mean size of the two crabs reared by Sandoz and Hopkins (1947) was 0.59 
mm. while the mean of 183 specimens collected by us at Pierces Point on September 
17, 1955 was 0.65 mm. with a size range from 0.59 to 0.73 mm. 

The invasive stage is similar to the hard stage in many respects, which is re- 
markable considering that the pre-hard instars separating these two stages in the 
developmental cycle have a very different morphology. Both of these stages have 
a flat carapace, flattened pereiopods with thickened posterior borders, and long, 
plumose swimming hairs on the third and fourth pairs. They also have, in con- 
trast to all other stages, two characteristic whitish spots visible both on the carapace 
and on the sternum. These spots seem somewhat larger in the invasive stage than 
figured by Sandoz and Hopkins, who apparently failed to note them on the dorsal 
side. However, in proportion to the size of the crab they are much smaller in the 
invasive stage than in the hard stage. These spots mark the ends of two solid, cylin- 
drical rods connecting the dorsal and ventral side of the body. They consist of a 
very hard, opaque substance and serve as attachments for many muscles, which 
probably to a large extent are the heavy musculature needed for the quick swimming 
movements of the third and fourth pairs of pereiopods. When swimming, only 
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these pereiopods are used while the other pairs, especially the fifth, are kept more 
or less motionless. Although not as soft-shelled as the pre-hard stages, the in- 
vasive stage is not nearly as firm as the hard stage. 

We found that the males leave their hosts in the hard stage and proceed to enter 
other oysters for copulatory purposes, and indications are that the female also may 
change host under certain circumstances. It is, therefore, not to be wondered that 
the invasive stage has so many structural similarities common with the hard stage 
and differing from all other stages. They are all adaptive modifications instru- 
mental for a free-living existence as well as for the invasion of the host. 


Pre-hard stages 


These are the hitherto undescribed instars between the invasive stage and the 
hard stage. 

Morphologically these stages resemble post-hard crabs. Like these they have 
a rounded, soft-shelled carapace which yields to the touch. The pereiopods are 
slender and without swimming hairs. More especially they resemble the second 
stage described by Stauber (1945). In fact we cannot distinguish with certainty 
between the last pre-hard and the second stage crab. Although this reflects the 
morphological adaptation of these stages for life within the oyster, it is still remark- 
able considering that the very distinctive hard stage separates them in the develop- 
mental cycle. As the male seldom, if ever, develops beyond the hard stage, this 
problem of stage identification applies, however, mainly to the female. It is hoped 
that future comparative studies of a large number of young females may make a 
true distinction possible. 

As the smallest hard-stage crab, a female, found in our large collection meas- 
ured 1.3 mm., it seems fairly certain that all soft-shelled crabs smaller than this 
must be pre-hard crabs. The smallest specimen found measured about 0.75 mm., 
and several moults, probably at least four, occur with increase in body size and 
development of the pleopods before the crab moults into the hard stage: 

The sexes are indistinguishable except for differences in genital openings and 
morphology and number of pleopods. By a careful microscopical examination of 
the latter it was possible to determine the sex of all crabs down to a size of about 
0.9 mm. This meant that practically all but the first of the pre-hard stages could 
be sexed with certainty. 

Stauber (1945) showed that hard-stage males were larger on the average than 
hard-stage females, and this is also true for pre-hard crabs. Admittedly the maxi- 
mum size, and therefore also the mean, of pre-hard females cannot be stated as long 
as the last of these stages can be confused with the second stage. Nevertheless, it 
is bound to be considerably smaller in the female than in the male since the largest 
hard stage female found measured only 2.7 mm. as against 4.6 mm. for the largest 
hard-stage male. 

The largest soft-shelled male measured 4.2 mm., but Stauber reported one meas- 
uring 4.8 mm. With some reservation he referred males of this type to a second 
stage following the hard stage as he pointed out that they could also be abnormal 
crabs. This could be due to some sort of parasitism as reported for P. pisum by 
Mercier and Poisson (1929). When these authors found two soft-shelled males 
they naturally regarded them as abnormal because they differed from the (hard 
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stage) males normally found, and finding that these crabs were infested by the 
parasitic isopod, Pinnotherion vermiforme, they concluded that here was the cause 
of it. Furthermore, since the two mentioned males as well as an infested, normal 
male were larger than the uninfested males in their material, they also concluded 
that the parasite causes an increase in the size of the host. Later, however, Atkins 
(1933) thoroughly studied the same parasite and found that none of the 8 soft- 
shelled males in her material were parasitized, but, since such males were scarce, 
Atkins still regards them as being abnormal. She points out that the parasitized 
males found by Mercier and Poisson were not larger than many normal (hard stage) 
crabs. In view of our findings, it is obvious to conclude that these soft-shelled 
males are normal pre-hard crabs, but, for certain reasons given in the discussion, 
the possibility that a hard-stage male now and then moults into a soft-shelled crab 
cannot be omitted. The maximum size of pre-hard males given in Table II may 
therefore be too high. It should be noted, however, that Stauber’s finding of a larger 
mean size for his soft-shelled than for his hard-stage males is probably due to a 
sampling error. His material included only 13 of the former specimens, and they 
were collected over a long period of time. 

A few atypical crabs occurred in our samples which combined features from 
pre-hard and hard stage morphology. Some also had all the characteristics of the 
pre-hard stages except that the carapace did not yield to the touch. It was brittle, 
however, and cracked at the slightest use of force. It is hoped to return to the 
significance of these “abnormalities” in a second paper. 


Hard stage 


This is the stage described by Stauber (1945) as the invasive stage (Stage I). 
Many of its characteristics have already been given in the section on the true in- 
vasive stage, and there is little to add to Stauber’s excellent description. 

One point is of particular interest, viz. the two cylindrical rods connecting the 
dorsal and ventral sides of the body. The diameter of these structures is the same 
as that of the spots on the sternum, while the dorsal spots, as noted by Stauber, 
usually are somewhat larger and more oval in shape. In proportion to the size of 
the crab the diameter of a single rod is equivalent to between 4 and ¥% of the width 
of the carapace. Thus the rods account for a considerable part of the endophragmal 
skeleton. The rods are firmly embedded in the sternum but disconnect rather easily 
from the carapace. 

The hard stage differs markedly from the equivalent stage of P. pisum, speci- 
mens of which we have had the opportunity to examine. The latter have an arched 
carapace, possess no spots or rods, and are equipped with long, plumose swimming 
hairs on all walking legs. Also in contrast to P. ostrewm the fourth and fifth pairs 
of pereiopods appear to be the main appendages used in swimming (Darbishire, 
1900). 

Female hard-stage crabs ranged in size from 1.3 to 2.7 mm., thus slightly ex- 
tending the range of 1.4 to 2.4 mm. found by Stauber. However, two abnormal 
females were found which measured 4.1 and 4.66 mm. They had evidently been 
retarded in development for one reason or another since one had precocious gonadal 
development with abnormal, gnarled pleopods, and the other had hairy, biramous 
pleopods which normally do not occur before the crab has moulted into the third 
stage. 
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The smallest hard-stage male measured 1.5 mm. or the same minimum as found 
by Stauber. The upper size range, however, was considerably extended. The 
largest specimen found by Stauber measured 3.4 mm. while we found many ex- 
ceeding that size, the largest measuring 4.1 mm. Furthermore, the Bivalve Labora- 
tory possesses a male collected by Mr. Franklin Flower in Delaware Bay on De- 
cember 18, 1952 which we found to measure 4.6 mm. The fact that Stauber found 
a soft-shelled male measuring 4.8 mm. seemingly indicates that even larger hard- 
stage males may occur. As discussed earlier, however, such large soft-shelled males 
may be abnormal. 

It was found that crabs which had reached the hard stage in their first fall, that 
is, less than two months after invasion of the host, were somewhat smaller 
on the average than those which had over-wintered in a pre-hard stage and did not 
develop into the hard stage before growth and development had commenced again 
the following spring. 


Post-hard stages 


These are the soft-shelled female growth stages described by Stauber (1945) 
as the second, third, fourth, and fifth stages, the latter being the mature crab. 

They have a thin, membranaceous and rounded carapace which yields to the 
touch. The slender pereiopods are subcylindrical and possess no swimming hairs. 
The four stages are primarily differentiated from one another on the basis of the 
stage of development of the pleopods and the proportional width of the abdomen 
(Table IT). 

Stauber’s second stage is not clearly defined as his material included a number 
of pre-hard crabs. Thus he mentions (p. 282) a specimen measuring only 0.9 mm. 
which could not possibly have been a second stage crab. This mistake was due to 
the firmly established belief that the hard stage was the invasive stage. Stauber’s 
figures of the second stage, however, agree well with the morphology of the second 
stage crabs reared by us from the hard stage in the laboratory. 

Judging by our data it seems certain that the minimum size of the second stage 
cannot be less than 1.3 mm. The maximum size, as well as the size ranges of 
the following growth stages in our collections, agrees fairly well with the figures 
given by Stauber, except for the fifth stage. Here we found a size range of 4.4 
to 15.1 mm. as compared to Stauber’s figures of 6.0 to 14.9 mm. All size ranges 
are given in Table II. 

As also pointed out by Stauber, morphological variations occur, a fact which 
now and then makes it difficult to place a given crab in a certain growth stage. 


INVASION OF THE OYSTER AND SURVIVAL OF THE EARLY STAGES 


As anticipated by Stauber (1945), invasion of the oyster in Delaware Bay takes 
place during late summer and early fall. In 1955 the first invasive stage crabs 
were noted on August 17th, but no oysters had been examined especially for the 
presence of Pinnotheres prior to that date. However, a careful check made through 
the spring and summer of 1956 again revealed no invasive stage crabs before the 
middle of August, viz. on August 16th. Nevertheless, scattered invasions no doubt 
occurred earlier as lst stage zoeae were present in plankton samples on July 2nd, 





\AGE M@LLER CHRISTENSEN AND JOHN J. McDERMOTT 


TABLE II 


Post-planktonic developmental cycle of Pinnotheres ostreum, based on the 
combined data of Stauber (1945) and the present authors 


: Range in ‘ ; 
Stage of carapace Most important external Biological 
development width morphological characteristics factors 
in mm. 


Invasive stage 0.59-0.73 | Flattened carapace and pereiopods. | Free-swimming until in- 
(First crab stage) Posterior margins of pereiopods thick- | vasion of host. After 
ened, 3rd and 4th pairs have plumose | invasion it is found in 

swimming hairs. Two small, white | all parts of water-con- 

spots on carapace and on sternum. | ducting system of the 

| Carapace hard around these spots. host. 


Pre-hard stages Male Rounded carapace. Thin, flexible | Found in all parts of the 
0.75*-4.8 | exoskeleton. Slender pereiopods. | water-conducting — sys- 
Female | No swimming hairs. Large females | tem of the host. 
0.75*-2.7* | practically indistinguishable from 2nd 
| stage crabs. 


Male Carapace flattened and very hard.| Found free-swimming 
(I stage of 1.44.6 Flattened pereiopods with posterior | and in all parts of 
Stauber, 1945) Female margins thickened and with plumose | water-conducting  sys- 
1.3-2.7 swimming hairs on 3rd and 4th pair. | tem of the host. Copu- 
Two large, white spots on carapace | latory stage. Males 
and on sternum. Males larger on | die in this stage. 
the average than females. 
Stage II .3*-3. Rounded carapace. Thin flexible} Never free-swimming. 
exoskeleton. Slender pereiopods. | Predominantly, pos- 
No swimming hairs. Abdomen | sibly always, found only 
wholly contained in sternal grove. | on the gills of the host. 
No hairs on pleopods. 


Stage III 


2.6-4.4 Edges of abdomen extend beyond de- | Only found on the gills 

pression in sternum. First two pairs | of the host. 

of pleopods clearly segmented and | 

| supplied with a few hairs. 

Stage IV 3.6-8.9 Relative width of abdomen larger | As in 3rd stage. 
than in preceding stage, just reaching 
coxae of pereiopods in most cases. 
Pleopods almost fully developed and 
well supplied with hairs. 


Abdominal edges covers coxae of | As in 3rd stage. 
(Mature female) pereiopods. Pleopods fully devel- 

oped. The orange gonads may be 

seen through the thin carapace. 


* Approximate measurements. 


and the laboratory studies by Sandoz and Hopkins (1947), as well as our field 
data, show that only about 25 days or less are required from hatching to the devel- 
opment of the first crab stage, now known also to be the invasive stage. Invasions 
of oysters in Delaware Bay prior to the middle of August are, however, with little 
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doubt on a very limited scale, at least in years with normal environmental condi- 
tions. This is also indicated by the fact that a distinct peak period of invasions 
occurs in early September. On August 22nd in 1956 only 3 crabs were found in 
244 spat collected at Pierces Point, while 136 crabs were found in 199 spat col- 
lected on the same ground on September 23rd. Also, of 279 crabs collected there 
on September 17, 1955, 244 were still in the invasive stage, which indicates that 
a very recent mass invasion had taken place. 

Since the peak period of oyster setting in Delaware Bay generally is in July, 
most spat will have grown sufficiently large to harbor one or more crabs by the 
peak of crab invasions. 

It is not clear how late in the year invasions may occur as a few invasive stage 
crabs were found in oysters during all of the winter months. However, since 
growth and development stops about November Ist (Fig. 1), these crabs were 
probably late invaders retarded in their development by winter conditions. In 1956 
a few ovigers * were collected as late as the middle of October. And in 1942, 
Stauber (1945) collected an ovigerous female as late as October 19th. The em- 
bryos were then almost ready to hatch and the first zoeae were liberated 4 days 
later. Whether the zoeae are able to carry through metamorphosis to the first 
crab stage that late in the year is perhaps doubtful. The bottom water tempera- 
ture of Delaware Bay generally falls to about 15° C. by November Ist and to about 
5° C. by December Ist, and as it appears that the young immature crabs do not 
grow and develop at temperatures below the first mentioned level (Fig. 1), the 
larvae probably do not either. 

Surprisingly small spat may be invaded. Thus infested spat of less than 10 mm. 
in length were often found, and in one case a spat measuring only 4.2 mm. con- 
tained two crabs. Up to 7 invasive stage crabs were found in a single spat. 

Stauber (1945) observed hard-stage crabs attached to the margin of oysters 
with their posterior ends towards the bill. This same orientation was also noted 
for the invasive stage in our laboratory experiments. As free-living crabs are 
also known to enter enclosures backwards, Pinnotheres probably enters its host 
with the posterior end first. 

Oncexthe crab has successfully invaded its host it may be found anywhere in 
the water’ conducting system of the oyster where it may stay while developing 
through to the hard stage, while later stages are found only on the gills. Next 
to these, the promyal and suprabranchial chambers are the areas usually inhabited 
by crabs of the early stages. 

A preference to invade spat and, secondarily, yearlings rather than older oysters 
seems apparent from several types of observations. On August 23, 1956 only a 
single 1956 crab was found in 684 yearling oysters collected in the Cohansey River 
Cove while the few spat present were all infested, a couple of them with more than 
one crab. The only extensive comparative data, however, are from the Bay Shore 
Channel Bed where there was a heavy set of both oysters and crabs in 1956 as 
there had been in 1955. Two collections, each consisting of three different age 
groups of oysters were taken (Table III). One was taken on September 12th 
during the peak invasive period and the other was taken on October 9th. The 
oysters were all collected in the same dredge hauls, and nearly all the spat were 
taken directly from yearlings and older oysters. 


3 Oviger = ovigerous female. Term adopted from Ryan (1956). 
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As seen in Table III, only 21.5% of the older oysters were infested with 1956 
crabs on September 12th, while 54.6% of the yearlings and no less than 76.7% 
of the spat were infested with crabs of that year class. On October 9th the dif- 
ferences were not so striking, a fact to which we return later. 

A good number of the yearlings and older oysters were already infested with 
mature crabs when the 1956 set of crabs occurred (Table III, column 4). This 
could possibly have been one of the reasons for the preference indicated to invade 
spat, since the latter for obvious reasons were not already infested. Oysters with 
and without mature crabs were, however, invaded by 1956 crabs to about the 
same extent. 

Possibly the preference to invade spat is more apparent than real. Failure 
of hard-stage crabs to invade older oysters was in some cases noted by Stauber 
(1945), indicating that the invasion is not always easily accomplished. Even if 
it is, the yearlings and especially the older, larger oysters may possibly still be 
able to cope with a good number of the tiny invasive stage crabs by enveloping 
them in mucus and pass them out by ciliary action and clamping of the valves. 


TABLE III 


Comparison of infestations with P. ostreum in three different age groups of oysters on 
the Bay Shore Channel Bed during and after the main invasive period 


———— 3 3 i 
7 | Per cent in- > : Per cent of Per cent oys- 

rae fested with rae 1956 crabs in ter with two 

anmmene 1955 or 1956 tem a hard or post- | or more 
aes older crabs — hard stages 1956 crabs 


Date of \ge group 
collection ot oyster 


Sept. 12th, | Spat 167 0.0 76.6 3:1 
1956 Yearlings 339 33.6 54.6 47.3* 
| Older oysters 186 50.0 21.5 90.0* 


Oct. 9th, Spat 180 0.0 : 20.9 
1956 Yearlings 289 34.4 ; 73.9 
Older oysters 117 51.3 52. 82.6 


* An asterisk indicates that only hard stage crabs were found. 


Mytilus edulis has been observed to expel inserted megalopa of P. pinnotheres by 
Atkins (1955). 

A comparison of the data in Table III, column 5, reveals that the incidence 
of oysters infested with 1956 crabs rose considerably for the yearlings and older 
oysters between the two sampling dates while it remained practically constant for 
the spat. In fact, the absolute number of crabs decreased in the latter group while 
it increased even more in the other two age groups than the data in column 5 
indicate. This is seen in column 7, which shows that the incidence of multiple 
infestations with 1956 crabs decreased sharply in the spat from 31.1 to 7.8% but 
increased in the yearlings from 15.3 to 27.3%, and in the older oysters from 4.3 to 
15.4%. Considering that the crabs apparently prefer to invade spat these data 
seem somewhat contradictory. An analysis of these and other data indicates, 
however, that the apparent paradox can be explained as being due to a higher 
mortality rate in crabs invading spat than in those invading yearlings and older 
oysters. 
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As stated above, only the absolute number of crabs found in spat decreased 
while the percentage of spat infested remained constant. In other words, the 
decrease in number of crabs between the two sampling dates was apparently either 
due to the death or the migration of crabs from spat containing more than one crab. 
Losses among “single” crabs possibly also occurred; if so, they were made up for 
by intermittent new invasions of crabs. The same trend that only one crab will 
survive in the same spat was also noted in 1955 at Pierces Point as well as on the 
Bay Shore Channel Bed. Only during the peak invasive period in September 
could spat with 3 and up to 7 crabs be found. A few weeks later only double 
infestations could be found, and the incidence of their occurrence was less than 10%. 
By the end of February, 1956 practically no spat contained more than one crab, 
and even a good number of “single” crabs apparently died during that month 
(Table I, Fig. 5). These mortalities came after a prolonged period of very low 
temperatures (Fig. 1), thus indicating that even “single” crabs are easily endan- 
gered by adverse environmental conditions. 

The increase in number of yearlings and older oysters containing more than 
one 1956 crab between the two sampling dates (Table III) indicates in itself that 
the crabs suryive better in these oysters than in spat. Further evidence of this 
is given in the same table (column 6). For both dates it is seen that a much lower 
percentage of the 1956 crabs had reached the hard and post-hard stages in spat 
than in the other oysters. This fact, together with the data given on crab-host 
size relationship in a later section, clearly shows that the crabs grow and develop 
considerably slower in spat than in larger oysters. In other words, the crabs 
thrive better in yearlings and older oysters, and it is therefore not surprising that 
they also survive better. The reasons for this will be discussed later. It is stressed, 
however, that a quicker rate of growth and development is probably in itself of prime 
importance for the survival of the crab during its first fall and winter since it is 
very likely that the earliest stages cannot withstand adverse conditions as well as 
later stages. 

In summing up the data in Table III it may be concluded that intermittent 
invasions of crabs between the two dates, and a higher mortality rate of crabs 
invading spat than of those invading other age groups of oysters, constitute the 
main reasons why the yearlings and older oysters in direct contrast to the spat 
showed an increase in incidence of infestation on October 9th. 

It was also considered whether the data in Table III could be at least partly 
explained by migrations of hard-stage crabs from spat to other oysters. However, 
since all the observed differences between the two sampling dates can be explained 
otherwise, while migrations could explain only little of it, the latter probably did 
not take place to any large extent. Furthermore, the available data indicate that 
the “loss” of crabs inhabiting spat occurred at a time when only few of these crabs 
had developed into the hard stage, i.e., before these crabs were capable of migrating. 


GROWTH AND DEVELOPMENT 


Unless otherwise stated the following statements and discussion of results are 
based on studies of populations of Pinnotheres growing and developing in spat. 
This point should be kept in mind, because, with other factors being equal, growth 
and development would differ, depending on the size and age composition of the 
host population of oysters. 
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Growth curves, as represented by the mean sizes of all the crabs and their host 
oysters for each sampling date at Pierces Point and the Bay Shore Channel Bed, 
are plotted in Figure 1, together with a curve showing bottom temperatures at the 
latter station. The numbers of oysters and crabs on which the data plotted are 
based are listed in Table I. Both grounds were not sampled through the entire 
collecting period from September 17, 1955 to October 9, 1956, but there was a 
considerable period of overlapping between the beginning of sampling on the Bay 
Shore Channel Bed and the termination of sampling at Pierces Point. 

On the first collecting date in September, 1955, 87.5% of the crabs found were 
still in the invasive stage, thus indicating that the spat had become infested very 
recently. On the other hand, since the incidence of infestation was higher than on 
any subsequent sampling date at Pierces Point it may also be concluded that the 
peak invasive period had terminated. 
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Figure 1. Growth of Pinnotheres ostreum (from the first crab stage to the mature stage) 
and their host oysters in Delaware Bay from September 17, 1955 to October 9, 1956. The data 
illustrated are based on the regular collections of oysters and crabs listed in Table I. Bottom 
temperatures for each sampling date on the Bay Shore Channel Bed are shown in upper curve. 


Growth and development of the crabs took place at least until the beginning 
of November when bottom temperatures began to drop below 15° C., reaching the 
5° C. level on about December Ist. During this initial growth period nearly all 
of the crabs developed into pre-hard stages. A few developed into the hard stage, 
and a few females even developed into the second and third stages. Throughout 
the winter months, however, there was a virtual cessation of growth and develop- 
ment. The large majority of the crabs overwintered in a pre-hard stage, the 
mean size of all crabs found in each winter collection staying below 1.8 mm. Re- 
newed growth and development began about the middle of May when bottom tem- 
peratures again rose above 15° C. From about the middle of June the rate 
accelerated, the females going through the post-hard stages to the fully mature 
fifth stage with great rapidity. By July 18th all but one of the females collected 
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were post-hard crabs, no less than 62.7% of them having already reached the 
final stage. By August 16th, 95.5% of the collected females were mature, more 
than half of them being ovigers. Thus, as suspected by Stauber (1945), P. ostreum 
reaches maturity in Delaware Bay within its first year. 

The remarkable correlation between the growth curves of the crab and host 
populations in Figure 1 should be noted, although it is not so surprising considering 
that the crab is dependent on the food gathered by its host. 

Males live only one year or less. One of the curves in Figure 5 shows the 
percentage of crabs in the hard stage, and another shows the sex ratio (as % fe- 
males) for each collecting date on the Bay Shore Channel Bed. It will be seen 
that the majority of the crabs developed into the hard (copulatory) stage within 
a limited period of time around June 20th whereupon the males began to disappear 
from the oysters. Until and including that date, about 45% of the crabs were 
males but by July 26th, the percentage was only 6.7, and by September 12th no 
1955 males could be found. It is shown in a later section that the males left 
their hosts in search of females in other oysters, and there is every indication that 
they did not commence a longer free-living life but died shortly after copulation 
with one or more females. All the above facts also constitute an important part 
of the evidence which shows that the males normally do not develop beyond the 
hard stage, 1.e., that no true second stage male exists. 

The females continue to grow after they have hatched their first batch of eggs 
during the summer. The mean size of the 1955 crabs, all mature females, col- 
lected from yearlings on October 9, 1956 was 7.68 mm. with a size range of 5.2 
tol10.0mm. And this mean, as well as the maximum size, was the highest recorded 
for any sample taken from yearlings in 1956, no further samples having been taken 
after that date (Table I). Since we know that a positive crab-host size relation- 
ship exists, these figures do not necessarily apply to crabs invading oysters other 
than spat. However, the mean size of fourth stage crabs taken from older oysters 
was less than 6 mm., and we never found one as large as 8.9 mm. as Stauber (1945) 
did. This indicates that only few females will reach a size exceeding 10 mm. in 
their first year even in older oysters. And it seems almost certain that none will 
attain this size before growth is renewed after hatching of the eggs. How soon 
this growth commences is not known, but Freame (1943) observed an ovigerous 
Pinnotheres sp. moulting 10 days after hatching of the last eggs in the laboratory. 
Since very few one-year-old ovigers occur before the middle of July and since the 
egg-bearing period is 3 to 5 weeks, it is clear that all females collected in spring 
and early summer which had a size exceeding 10 mm. must have been crabs in 
their second (or third) year. The latter possibility is indicated by the fact that 
very large crabs my be found in older oysters just prior to, but before, growth 
begins in the spring. Berner (1952) also found that female P. pisum kept in 
aquaria became 3 years old. 

Some indication of the rate of growth after the first year may be had from the 
data presented in Figure 2. It shows the size distribution of all ovigers found in 
two age groups of oysters, viz. yearlings (1955 spat) and older oysters, from col- 
lections made in August, 1956 on the Bay Shore Channel Bed. Judging by the 
difference in mean size of the two groups of crabs, an average increase in carapace 
width of about 3.5 mm. after the first year of growth is indicated. However, while 
the crabs collected from yearlings represented a true one-year age group, a number 
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of the ovigers found in the older oysters were no doubt also only one year old, 
as judged by their relative small size and the fact that 16 immature crabs were 
also found in these oysters. This factor is no doubt the cause of some of the over- 
lapping in size distribution of the two groups of crabs. The actual mean increase 
therefore probably amounts to at least 4.0 mm. Most of this growth probably 
takes place before the crab is two years old. 

As stated earlier, a few of the crabs invading the 1955 spat developed as far 
as the third stage before growth was terminated by winter conditions. In the fall 
of 1956 this was the case to a much larger extent with 1956 crabs invading spat 
of that year class. Of 158 crabs collected from spat on the Bay Shore Channel 
Bed on October 9th, 26 had developed beyond the hard stage, one of them having 
reached the fourth stage. Forty-five of the crabs were too small to be sexed, but 
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Figure 2. Size distribution of (A) ovigers collected from yearling oysters, and (B) 
ovigers collected from older oysters. Both groups of oysters were collected on August Ist 
and 16th in 1956 on the Bay Shore Channel Bed. 


of the remaining, only 38 were males as opposed to 75 females. This indicates 
that the 26 post-hard crabs represented about 25% of all the females present. In 
contrast, only nine post-hard crabs were found among 205 crabs collected from spat 
on the same ground as late as December 14th in 1955. Indications are that the 
spat grew faster in the fall of 1956 than in the preceding year. This may well 
account for the observed differences, considering that the growth (and develop- 
ment) of a Pinnotheres population is correlated with the growth of the host popu- 
lation (Fig. 1). The latter fact will be demonstrated on an individual basis in 


the next section. 


GROWTH AND DEVELOPMENT IN RELATION TO SIzE oF Host 


Atkins (1926) found a rough size relationship between 34 P. pisum and their 
host mussels in spite of the fact that the author was dealing with different age 
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groups of both crabs and mussels. The latter was also true for the material used 
by Wells (1940) who, nevertheless, could demonstrate a clear size relationship 
between Fabia subquadrata, of the same sub-family as Pinnotheres, and its host 
Modiolus modiolus. 

The following information is all based on data from collections of 1955 crabs 
from 1955 spat, which were taken in 1956 before the 1956 year class of crabs ap- 
peared, thus insuring that we were dealing with a known year class of both crabs 
and oysters. 
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Ficure 3. Crab-oyster size relationship. The mean width and size range is shown for 
all crabs, irrespective of stage, found in each 4-mm. length group of yearling oysters collected 
on the Bay Shore Channel Bed on July 6, 1956. All these crabs were for obvious reasons of 
the 1955 year-class. 


In Figure 3, the mean sizes and size ranges of all crabs, irrespective of stage, 
found in each 4-mm. size group of oysters have been plotted for a collection made 
on the Bay Shore Channel Bed on July 6, 1956. A definite positive correlation 
between crab and oyster size is clearly present. 

Plottings of the same kind, as well as statistical analysis, were undertaken for 
several other regular samples and they all show the same size relationship. It is 
not absolute, insofar as small crabs may well be found in large oysters, but the 
opposite is not the case. In other words, the factor or factors which limit the 
growth of the individual host also directly or indirectly limit the growth of the 
crab. Probably the most important factor is the amount of available food, which 
largely depends on the environmental conditions surrounding the individual host 
oyster. 
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While growth of the crab is retarded in slow-growing spat, there is evidence 
to show that development is not affected to a comparable extent. It may be safely 
assumed that having moulted into the fifth stage the females do not moult again 
before they have hatched their first batch of eggs. This means that any sample 
of mature females collected from yearlings before September will contain only an 
insignificant number of crabs which have grown since moulting into the fifth stage. 
In spite of being in the same stage of development, crabs from such samples vary, 
however, in size to an extraordinary degree. This, among other facts, is illus- 
trated in Figure 4, which is based on the largest sample of young fifth stage crabs 
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Figure 4. Size relationship between crabs in the same stage of development and their 
host oysters. The data, which are plotted as in Figure 3, are based on all fifth stage crabs 
collected from yearling oysters in the Cohansey River Cove on August 23, 1956. These oysters 
had been transplanted from the Bay Shore Channel Bed in early July. 


taken on a single date. The data presented reveal the same positive crab-host 
size (and growth) relationship as was demonstrated above on the basis of samples 
containing crabs of nearly all developmental stages. It appears, therefore, that 
the females simply develop into the fifth stage at a smaller size in smaller, slow- 
growing oysters than they do in larger, faster growing specimens. A further 
example of this is given in Figure 2. As discussed earlier, some of the smaller 
ovigers collected from the older oysters were no doubt only one year old. Yet 
none of them measured less than 7 mm. while the one-year-old ovigers taken from 
the yearlings comprised many specimens smaller than this. It should be stressed, 
however, that our data only point to the conclusion that the growth of the crab 
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is more affected by environmental conditions than is the development. Naturally 
the time element involved in the latter will also be affected under adverse condi- 
tions such as an insufficient food supply. A good example of this is given by the 
difference in rate of development of the young crabs in 1955 and 1956 which was 
mentioned in the preceding section. 


GROWTH AND DEVELOPMENT IN RELATION TO MOULTING 


Information on the size increase after moulting of individual crabs was ob- 
tained in two ways. In some cases the old exoskeleton was still present, together 
with the moulted crab, in oysters brought into the laboratory. In other cases, 


TABLE IV 


Moulting in Pinnotheres ostreum 





Carapace width in mm. and 


stage of crab - — 
Increase in cara- Increase in % 


pace width | of original cara- 
in mm. pace width 


Date of 
moulting 





Before | After 
moulting moulting 








17-— 9-55 ? 0.66 I1.S. | 0.76 P-H. | 0.10 15.0 
22- 8-56 ? ? P-H. | 0.95 P-H. | — — 
10- 9-56 M. 90 P-H. | 2.90 P-H. | 0.00 0.0 
20- 8-56 10 P-H. | 4.00 P-H. —0.10 _ 
3-— 9-56 3.30 P-H. 3.30 7 0.00 0.0 
8-10-56 ; H. 1.95 pe 0.25 14.5 
16- 7-56 : H. 1.80 oe 0.00 0.0 
4-10-56 ; B68. 1 225 cA 0.30 16.0 
8-10-56 a ; H. 2.25 4 0.35 18.5 
6- 7-56 : } H. | 2.40 re 0.35 17.0 
27- 7-5 5. IV. | 6.10 Ry 0.70 13.0 
30- 7-56 5. IV. 5.90 AT 0.50 9.0 
?- 7-56 ‘ 5. Vi: |. hee I, 1.50 27.5 
9-10-56 : . Vv. 11.50 f. 1.60 16.0 
9-10-56 V. 11.90 yr, 0.00 0.0 
6-10-56 : ; Vv. 13.30 b. 4 0.50 4.0 








Symbols: I1.S. = Invasive stage. P-H. = Pre-hard stage. H. = Hard stage. II., IV. & 
V. = 2nd, 4th & Sth post-hard stages. 

Crabs marked with one asterisk moulted in nature. 

Crabs marked with two asterisks had not hardened properly after moulting when the measure- 
ments were taken. 


moulting occurred in the laboratory from crabs of known stage, sex and size placed 
in oysters by the method previously described. 

The laboratory experiments were performed primarily to secure: 1. Moulting 
of large soft-shelled males (into the hard stage) to test field information that these 
are pre-hard stage crabs. 2. Eventual moulting of hard stage males as a control 
for (1). 3. Moulting of hard stage females to secure known second stage crabs. 
As was expected, moultings of types (1) and (3) occurred while all hard-stage 
males died after some time. 

All available data are given in Table IV, in which it may be noted that in some 
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cases there was no apparent increase in carapace width after a moulting had oc- 
curred. This is probably due to the fact that some recently moulted crabs were 
preserved too soon after moulting and consequently the body had not had time to 
assume its normal shape. The poor food supply in the aquaria was no doubt also 
partially responsible for no size increase. If these moultings are disregarded, the 
data indicate a mean increase in carapace width of about 15% after each moult, 
regardless of the previous size and stage of the crab. If this be true, it would take 
about five moults for the invasive stage crab to develop through the pre-hard stages 
into the hard stage. Preliminary morphometric studies of pleopod length and 
development in relation to body size of our collection of pre-hard stage males seem 
to verify this. Supporting evidence is the fact that a pre-hard stage crab meas- 
ured only 0.95 mm. after it had moulted from another pre-hard stage which was 
no doubt the stage immediately following the invasive stage. Since pre-hard and 
hard-stage males are larger on the average than females of the equivalent stages, 
differences may exist in the average number of moults and size increase in the 
two sexes. More detailed studies are necessary to check on these points. 

Only one of the nine fairly large pre-hard males used in our experiments 
moulted into the hard stage, while two others moulted without a change of stage. 
Although the former was only slightly larger than the mean size of Stauber’s 13 
“2nd stage” males, the moulting still serves as a support of other evidence previously 
referred to, that no true second stage exists in the male. More important is per- 
haps the fact that all hard stage males brought into the laboratory died within a few 
weeks while hard and post-hard stage females could be kept alive for many weeks, 
even in the less favorable environment of the Petri dishes, and with a very poor 
food supply. Moulting experiments were done with seven hard stage males, none 
of which moulted, nor did other hard stage males in Petri dishes. In contrast to 
this, four out of six hard stage females inserted into oysters moulted into the sec- 
ond stage (Table IV), indicating that there was no reason to suspect that hard- 
stage crabs for one reason or another were unable to moult under laboratory 
conditions. Nor is further development of the hard stage dependent on copulation 
as suggested by Orton (1921) and Atkins (1926) for Pinnotheres pisum (see 
next section). 

Moultings of fifth stage crabs were noted several times by Stauber (1945) as 
well as by the present authors. In view of the mean increase in carapace width 
of about 4 mm. or more which takes place after the crab has first developed into 
the fifth stage it seems likely that at least three moults occur in this stage before 
the maximum size is reached. Since the crab may develop into the fifth stage 
at a size anywhere from 4.4 to 8.9 mm. (Table II), depending on environmental 
conditions, the number of these moults must, however, vary to some extent. 

It seems probable that growth moultings with little or no morphological changes 
may occur in all stages with the exception of the invasive stage and probably also 
the hard stage. Such moultings probably explain why a few crabs, being inter- 
mediate in character, could not be placed with certainty in one or another of the 
otherwise well defined growth stages. 

Since Pinnotheres copulates precociously it differs from most brachyurans in 
moulting between copulation and egg-deposition. As the female usually receives 
sperm while in the hard stage at least four such intermediate moultings may occur. 
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CoPpuLATION, Ecc-DEposITION, HATCHING, AND LARVAL LIFE 


Thompson (1835) assumed that the male of Pinnotheres pisum goes from host 
to host in search of females during the copulatory period. This was verified by 
Orton (1921) who found males trapped between the valves of the host, Mytilus 
edulis. He also found a hard stage female with its spermathecae filled with mature 
sperm, thus showing that this crab copulates at an extremely early age. Sperm 
was also found in the spermathecae of later stages, including the fifth stage. Atkins 
(1926) corroborated Orton’s findings, but she also found a few fifth stages without 
sperm, and this led her to state that a second copulation possibly took place. 
Stauber (1945) doubted that this could be the case in P. ostreum because it would 
involve copulation between crabs which in his opinion differ too much in size. It 
may here be mentioned that the male of P. piswm is considerably larger on the 
average in relation to the size of the female than is the male of P. ostreum. Berner’s 
(1952) paper, which contains many statements on the biology of P. piswm, unfor- 
tunately lacks vital information on materials and methods, and the author has 
taken no notice of later papers on the subject than that of Orton (1921). He 
states that the free-swimming male seeks mussels containing females which are 
about one year old, and that after copulation, the male again leaves the host as 
the ovigers are always found alone. The author refers to Orton’s finding of 
precocious copulation, but also states that copulations involving mature females 
took place in his laboratory tanks. It appears, however, that this statement is 
based solely on the author having seen males close to females, and the occurrence 
of egg-deposition by females long after they had been collected. A number of other 
papers contain valuable contributions on the reproductive biology of pinnotherid 
crabs, but they are best dealt with in connection with our own observations. 

In the present studies an attempt was made to gain information on the repro- 
ductive activities of a known year-class of crabs from a single locality, thereby 
eliminating as many variable factors as possible. Delaware Bay proved to be par- 
ticularly well suited for this purpose since the extreme variations in water tempera- 
ture between the seasons of the year give rise to distinct, short peak periods of 
the different phases involved. 

Most of the information gained is illustrated in Figure 5. The data plotted are 
based on the material from regular samples taken on the Bay Shore Channel Bed, 
consisting of 1955 crabs from 1955 spat (Table I), and an extra sample (see figure 
legend). 

One of the curves (Hard crabs) shows that the percentage of hard-stage crabs 
remained at a consistently low level throughout the winter and spring, viz. during 
the period in which it was shown earlier (Fig. 1) that no growth took place. In 
June, however, the large majority of the crabs developed into the hard stage almost 
simultaneously. A distinct maximum occurred around June 20th, when about 66% 
of all the crabs collected were hard-stage crabs. Many of them had a soft carapace, 
indicating a very recent moulting into the hard stage. 

Another curve (Female crabs) shows that on the same date there were still 
as many males present as in all earlier samples, viz. about 45% of all crabs col- 
lected. After June 20th, however, they began to disappear rapidly, as evidenced 
by the rising percentage of females in each subsequent sample. Towards the end 
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of July, less than 5% of the collected crabs were males, and by early September 
not a single 1955 male could be found. 

Also beginning on about June 20th, the incidence of infestation (Oysters in- 
fested), which had remained at a constant level, around 58%, since February, 
began to fall quickly. It continued to do so until the number of males occurring 
in the samples became insignificant. Then the incidence again became constant, 
but now at the lower level of about 35%, or just about the level where it would have 
been on June 20th if only the females had been considered. 

A fourth curve (Double infestations) in Figure 5 shows that within the same 
period of time, beginning towards the end of June, a notable number of double 
infestations began to occur. Those shown for the winter months were due to 
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Figure 5. The curves show: 1. Incidence of infestation and double infestations of the 
1955 year-class of oysters on the Bay Shore Channel Bed, and 2. Sex ratio (as per cent females) 
and development (in part) of the 1955 year-class of P. ostreum inhabiting these oysters, in the 
period from December 14, 1955 to October 9, 1956. Data on double infestations include results 
obtained from extra sample of 334 infested spat collected on July 11th, 16 of which were double 
infested. 


original multi-infestations by invasive stage crabs, but those which occurred during 
the summer could only be due to new invasions by hard stage crabs. An examina- 
tion of this summer material showed that each double infestation consisted of one 
crab of each sex. Such pairs were also found in collections made on other grounds 
during this period of the year. In a few cases two or three males had invaded 
the same oyster containing a female. It was significant that the males and females 
making up these pairs nearly always were found close together on the gills of the 
host while the crabs found together in the same host during the fall and winter 
nearly always were found widely apart from one another. 

All these facts, illustrated in Figure 5, can be interpreted only in one way, viz. 
that having developed into the hard stage, the males left their host to search for 
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females in other oysters. Having copulated with one or more females they prob- 
ably died within a few weeks or less. The latter statement is based also on the 
fact that a few of the males found together with females were already dead. 

Even before the males began to disappear we generally found somewhat fewer 
males than females. For this reason, and because a number of males may be 
devoured by predators during their temporary free-swimming existence, it seems 
reasonable to deduct that a male will copulate with more than one female. At least 
there is every indication that all females become ovigerous in their first summer 
and this could hardly be accounted for otherwise. 

Of 33 pairs found in yearlings from the Bay Shore Channel Bed in July, 1956, 
32 of the males were in the hard stage, W hile 21 of the females were either in the 
hard or the second stage. The remaining females were all in later stages of devel- 
opment, a few having reached the fifth stage. This does not necessarily mean, 
however, that males can or do copulate with post-hard females. Possibly they 
may live up to a few weeks after copulation, staying in the last oyster they visit, 
while the female continues development into later stages. The great rapidity of 
growth and development of the females in late June and in July (Fig. 1), and the 
fact mentioned earlier that some of the males found together with females were 
dead when collected, would support such a conclusion. The few of the hard and 
second stage females from double infestations which we examined had sperm in 
their spermathecae, a fact which also serves as circumstantial evidence leading to 
the conclusion that the females were probably all fertilized while in the hard stage. 

Nevertheless, the above evidence is not conclusive, especially since other obser- 
vations indicate that males may copulate with later stages. Of six known second 
stage crabs of the 1956 year-class examined in the fall of that year, only one con- 
tained sperm. Theoretically such females could of course remain unfertilized or 
become capable of producing infertile eggs only, but this does not seem a likely 
explanation. In the laboratory we also once observed a hard stage male, with its 
pleopods extended, enclosed under the abdomen of a fifth stage female. However, 
whether an actual copulation took place or not, we do not know. Berner’s (1952) 
statement that female P. pisum may be fertilized in the fifth stage is not based on 
conclusive facts, which does not mean that it could not be true. The author did 
not observe an actual copulation, and the crabs which became ovigerous in the 
laboratory tanks may well have had sperm in their spermathecae when they were 
collected (see below). More information is certainly needed to settle the question. 

The observations referred to above enlighten, however, our understanding of 
another point of interest. Orton (1921), and also Atkins (1926) suggested that 
further development of the hard stage female of P. piswm depended on copulation. 
Since known second stage crabs containing no sperm were found, this cannot be 
true for P. ostreum, and there is little reason to suspect that different species of 
the same genus should differ in this respect. 

Atkins (1926) stated that it was extremely probable that the first implantation 
of sperm was sufficient to fertilize several batches of eggs in P. pisum. That it 
is sufficient for at least the first two batches was actually shown by the same author 
in a later paper (Atkins, 1955). She kept several female P. piswm isolated in the 
laboratory, and one of these deposited eggs on September 27, 1952 and again on 
May 26, 1953. Our data point to the same conclusion for P. ostreum. Twenty- 
one mature females were examined during the fall of 1956. Of these all but one 
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had sperm in their spermathecae, although all of them probably had been ovigerous 
during the preceding summer. Theoretically they could have received sperm from 
1956 males, but since only one of the 1956 second stage females examined during 
the same period contained sperm, this seems extremely unlikely. 

The fact that a fertilized 1956 female was found in the fall of that year reveals 
that copulation is not restricted to the early summer as the data in Figure 5 so 
strongly indicate. 

This poses the question whether males which copulate in the fall may live 
through the following winter and perhaps copulate again the following early 
summer. In this respect it may be significant that there were fewer males than 
females in our regular samples from the Bay Shore Channel Bed even before the 
males began to disappear entirely. Sampling on that ground did not begin before 
December, that is, after a probable initial copulatory period was terminated by 
winter conditions. The “deficiency” of males may therefore have been due to a 
natural death of males after copulation in the fall. Some of them may also have 
fallen prey to predators while moving from one oyster to another in search of 
females. The case mentioned earlier where only 38 out of 113 sexable crabs, or 
33.6%, were males points to the same conclusion. This collection was made from 
spat on October 9, 1956, and it will be recalled that a considerably higher percentage 
of crabs invading spat reached the hard stage before the onset of winter in 1956 
than in 1955. There is therefore also little doubt that a higher percentage of males 
became sexually active in the fall of 1956 than in the preceding year. Hence, if 
the above hypothesis on the “missing” males is correct, one would also expect 
that a higher percentage of males died in the fall of 1956 than in the fall of the 
preceding year, and this is exactly what our data indicate. While we have good 
data on the 1955 year-class, this is not, however, the case for the 1956 year-class. 
The sex ratio of the latter group, 33.6% males, is based on the single collection 
from October 9th, a date which furthermore falls so early in the fall growing 
season, that changes may well have occurred before winter conditions stopped 
growth and development as well as sexual activities. Nevertheless, there can be 
little doubt that early summer is by far the main copulatory period for P. ostreum 
in Delaware Bay under normal environmental conditions. 

While copulation may take place either in the fall or the following early sum- 
mer, egg-deposition of crabs in their first year does not occur before early July. 
Thus, in 1956 the first oviger from a yearling (1955 spat) was taken on July 11th, 
and no oviger less than 10 mm. in size occurred in older oysters before July 6th. 
The last one-year-old ovigers were found on October 9th. The curve (Ovigerous 
crabs) in Figure 5 shows the percentage of 1955 crabs being ovigerous on all col- 
lecting dates on the Bay Shore Channel Bed. The highest incidence occurred in 
middle August when more than 50% of the collected crabs were egg-bearing fe- 
males. This was also the case elsewhere in the Bay, and the following case may be 
mentioned. In early July of 1956 a large number of yearlings were transplanted 
from the Bay Shore Channel area to the Cohansey River Cove about 24 nautical 
miles farther up the Bay. Of 205 females collected from these oysters on August 
23rd, nearly 60% were ovigers. Of these, 26% had dark brown eggs or had already 
begun to hatch zoeae which could be found in large numbers in the mantle cavity of 
oysters containing such crabs. Judging by the data illustrated in Figure 5 as well 
as other information, a female may copulate in the hard stage and develop into a fifth 
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stage oviger within a period of four to six weeks. The smallest oviger found in our 
collections measured only 4.5 mm. 

In their second (and third) year the females may become ovigerous somewhat 
earlier. This is probably because they do not have to utilize a great deal of food 
for rapid growth and development prior to the deposition of the eggs as is the case 
for the one-year-old crabs. Nor do they have to await the visit of hard stage males, 
which do not become abundant before sometime in June, as they already have sperm 
in their spermathecae. In 1956 several ovigers exceeding 10 mm. in size were 
collected from older oysters on June 14th, or about three weeks before one-year-old 
ovigers were found. Judging from our data derived from a material of older crabs 
collected at intervals from May 22nd to October 9th in 1956, the peak period of egg- 
deposition also occurs two to four weeks earlier than for one-year-old crabs. From 
a comparison of the size distribution within these samples it also seems that, al- 
though some crabs no doubt become three years old, many of them probably die 
after they have hatched their eggs the second summer. 

The newly deposited egg mass is orange in color. It changes gradually from a 
deep orange to a light brown and finally to a dark brown color. The eggs measure 
about 300 microns in the hatching stage (Stauber, unpublished) or about the same 
as in P. pisum (Lebour, 1928). Ovigers measuring 9.4 and 10.8 mm. in width 
carried 7957 and 9456 eggs, respectively. An oviger of P. pisum in the Copenhagen 
University Museum, measuring 10.4 mm., carried more than 5800 eggs. Berner's 
statement that this species deposits about 100 eggs is therefore erroneous. 

It is not known for how long the female carries its eggs, either in Delaware Bay 
or elsewhere. An ovigerous Pinnotheres taylori brought into the laboratory on 
March 16th (1933) did not hatch before the first week of May (Hart, 1935). 
The egg-deposition and hatching of six P. pisum was observed in the laboratory 
by Atkins (1955). She found that the egg-bearing period varied between 35 and 
59 days, stating that temperature differences probably constituted the main reason 
for the notable time difference, and that the period would no doubt be shorter in 
nature. Atkins also brought a P. pinnotheres with eggs in the early stages into the 
laboratory, and here hatching occurred after 40 days. Our field data from Dela- 
ware Bay, partly illustrated in Figure 5, indicate a somewhat shorter egg-bearing 
period for P. ostreum. As noted earlier, the first one-year-old oviger did not occur 
before July 11th, or possibly July 6th, but the peak occurrence came already in 
middle August. The fact that Sandoz and Hopkins obtained zoeae from a P. os- 
treum carrying a bright orange egg mass after only 12 days in the laboratory points 
to the same conclusion. We believe the egg-bearing period in nature to be three to 
five weeks. While it is almost certain that only one batch of eggs is produced in 
the first spawning season, the possibility that some crabs may spawn twice in the 
second (and third) year cannot be omitted. 

As part of the oyster research program in Delaware Bay in 1956, approximately 
one thousand plankton samples of a hundred liters each were collected from June 
14th to September 12th. This gave us an opportunity to gain some knowledge on 
the occurrence of Pinnotheres larvae. All samples from the Bay Shore Channel 
Bed and within a radius of about 5 nautical miles were therefore checked for the 
presence of such larvae. 

The first zoeae were found on July 2nd and the last on August 20th, but, while 
samples were collected almost daily up to the latter date, rather few samples were 
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taken thereafter. However, four samples of a thousand liters each instead of the 
normal volume were taken on September 12th. In Chesapeake Bay, Sandoz and 
Hopkins (1947) found oyster crab larvae in the plankton from June through 
August, but they also took few samples outside this period. In our own samples, 
137 first stage and one second stage zoeae were collected while none of the later 
stages, nor the megalopa, were encountered. Two invasive stage crabs were taken, 
however, one on August 31st and another on September 9th. 

Fifty-four of the 137 first stage zoeae were found in a single bottom sample 
from the Maurice River Cove on July 11th. Since numerous samples contained 
no larvae, and since the remaining 83 specimens were collected in 35 different sam- 
ples, the occurrence of so many zoeae in a single sample seems strange. It is 
therefore highly possible that the aperture of the sampling hose happened to pass 
close to an oyster containing a crab which was in the process of liberating zoeae. 

Seventy of the 83 larvae mentioned above were caught between July 20th and 
August 20th. Although few samples were taken after the latter date, this still 
indicates a peak occurrence of first stage zoeae within the above period since the 
data correspond well with the finding of a peak occurrence of older ovigers in the 
latter half of July and of one-year-old ovigers in middle August, as well as with 
the known peak invasive period that falls in early and middle September. 

Hart (1935) found that the first crab stage of Pinnotheres taylori emerged four 
weeks after hatching in the laboratory. Also in the laboratory, Sandoz and Hop- 
kins (1947) observed the first crab stage of P. ostreum emerging about 25 days 
after hatching. No other species of pinnotherid crabs have, as far as we know, 
been reared to the first crab stage. Since data from the same ground (Bay Shore 
Channel Bed) and from the same year (1956) show (1) a distinct peak in num- 
ber of ovigers in middle August, and (2) a distinct peak period of invasions in 
early and middle September, there is every reason to believe that the average length 
of larval life of the oyster crab in Delaware Bay does not exceed 25 days as found 
by Sandoz and Hopkins under laboratory conditions. It is probable that it is even 
shorter as judged from the data above and the fact that the larval development may 
be slowed down under laboratory conditions as pointed out by Atkins (1955). 
The above data and conclusions are admittedly based on one-year-old ovigers only, 
as older crabs deposit eggs somewhat earlier in the season. However, the former 
year-class constituted the large majority of the adult population in 1956, indicating 
that the peak invasive period was determined by invasive stage crabs deriving from 
the yearling crabs. Our data also indicate that the crabs invade a host as soon as 
they have developed into the invasive stage. 

Although the first zoeal stage exhibits a distinct positive phototropism in the 
laboratory, only 18 of the collected specimens were taken in surface samples. This 
is in good accord with laboratory observations on other ‘species of this genus. 
Lebour (1928) states that the newly hatched larvae of P. pisum at first rise to the 
surface but soon go to the bottom where they feed. The zoeae of P. maculatus seek 
the bottom after three to five days (Welsh, 1932), and those of P. latissimus do it 
after only one or two days ( Miyake, 1935). 


THE Cras-OystTer ASSOCIATION 


Coupin (1894) discovered that P. pisum feeds on food filtered from the water 
by its host. This has been confirmed by later authors including Orton (1921) 
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who, through “windows” in the host’s valves, observed how the pea crab picks food 
strings from the margins of the gills with its chelipeds. MacGinitie and Mac- 
Ginitie (1949) used the same method in observing the feeding activities of Fabia 
subquadrata (referred to as Pinnotheres concharum). Stauber (1945) found that 
P. ostreum feeds in the same manner but that it will also catch newly formed mucus- 
food masses with its walking legs, then reach beneath its abdomen with its chelipeds, 
comb the legs, and pass the food on to the mouth. 

How young crabs feed when inhabiting parts of the oyster other than the gills 
is not known. MacGinitie and MacGinitie (1949) observed that the pea crabs 
Scleroplax and Pinnixa are able to filter food from the water by their feathery 
mouth parts. These crabs belong to another sub-family than Pinnotheres and may 
therefore differ from the latter genus in this respect. However, several species 
of Pinnotheres, such as P. pugettensis, P. taylori, and P. pinnotheres, live in the . 
excurrent region of the atrial cavity of tunicates. And they must, as pointed out 
by Wells (1940), take their food from the water brought in by the host to serve 
as a source of food for the tunicate itself. The crabs can hardly do this in any other 
way than by filtering the water with their mouth parts. It is therefore very likely 
that immature P. ostreum may also feed by the filtering method. Such a feeding 
method could explain why a large number of immature crabs in a single oyster does 
not seem to affect the tissues of the host more than one crab as observed by Stauber 
(1945). However, this manner of feeding is probably not effective enough for the 
older stages. Post-hard stage crabs are found only on the gills, indicating that 
only the feeding on the food-laden mucus strings can secure the crab enough food for 
the rapid growth and development and the production of eggs which take place in 
late spring and summer. In any case, whether the young crabs feed by one or the 
other method or both, it is dependent on the amount of food particles brought into 
the oyster per time unit. It is therefore highly possible that the difference in survi- 
val of oyster crabs invading spat and older oysters may be due to the difference in 
amount of water pumped by the host animals. 

The ordinary feeding activities of P. ostreum were found by Stauber (1945) to 
be harmful to the host, particularly in causing gill erosions. He described two types 
of gill damage, viz. the small-crab type with a local, sharply delimited erosion of one 
or more demibranchs, and the large-crab type where an extensive shortening of 
one or more demibranchs may be seen reaching from the anterior end of the gills 
to a point usually ventral of the adductor muscle. It is our impression that the gill 
damage gradually develops from the first type to the other. Nearly all infested 
oysters show some gill damage. Examination of 1502 oysters, all of the 1955 year 
class, collected from January 6th to August Ist in 1956 revealed that about 50% had 
light gill damage, about 40% had moderate gill damage, about 9% had heavy gill 
damage, and only about 1% had no discernible gill damage. Among older oysters 
we found a few extreme cases of heavy gill damage where there was hardly any- 
thing left of the gills, and such oysters were usually also very poor in condition. 

Since the gill damage, as shown by Stauber, interferes with the feeding mecha- 
nism of the oyster, and since the crab feeds on food strained from the water by its 
host, the presence of a crab might be expected to interfere with the growth and re- 
production of the host. Overcash (1946) studied quantitatively the condition of 
Virginia oysters. Employing an index based on the dry weight of the meat in 
relation to the volume of the shell cavity, she found that infested oysters were 
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definitely poorer in condition, on the average, than oysters without Pinnotheres. 
Experimentally it has been shown by Egami (1953) that removal of gill tissue in 
the Japanese oyster, Crassostrea gigas causes a decrease in growth rate. 

During the present studies the lengths of all infested as well as uninfested 1955 
oysters collected on certain sampling dates in 1956 were measured to check for any 
possible differences in growth rate. The results are presented in Table V, and 
show no indication of any differences. However, the data pertain only to the pos- 
sible effect on the oysters’ first year of growth, a period in which it could only have 
harbored a mature crab for about 10 weeks or less. Furthermore, the data do not 
give any information on possible differences in increase of shell thickness or weight 
of the living tissues, a fact which should be considered since the correlation between 
shell and tissue growth is still obscure (Korringa, 1952). Very possibly only the 
presence of a mature crab over a longer period of time will interfere noticeably with 
the growth of the host under normal environmental circumstances. 

Awati and Rai (1931) presented some very interesting data on the effect caused 
by Pinnotheres sp. on the sex ratio in populations of Ostrea cucullata in Indian 
waters. Among 794 uninfested oysters there were 41.7% males, 56.4% females, 


TABLE V 


Comparison of mean shell length of infested and non-infested 
1955 oysters on the Bay Shore Channel Bed 


| 
Mean length Mean length 
in mm. of in mm. of non- 
infested oysters | infested oysters 


| Date of Number of | Number of non- 
collection infested oysters | infested oysters 





6-1-5 120 48 19.1 19.1 

5-6-! 103 91 24.3 26.0 

6-7-! 116 166 34.3 34.7 

26-7-5 118 239 41.6 41.6 

12-9-5 54* 125* | 49.2 | 49.7 
' | 





* Infestations of these oysters with the 1956 year-class of crabs were not considered. 


and 2.9% hermaphrodites, while in 86 infested oysters there were 82.6% males, 
only 10.4% females, and 7.0% hermaphrodites. Since females could be induced to 
change sex in the laboratory by simple starvation, the authors concluded that the 
pea crab probably interferes with the food intake of the oyster enough to induce it 
to produce sperm instead of the more “expensive” eggs. 

It would be of interest to know whether the sex ratio is also affected in the 
American oyster. The genus Crassostrea does not exhibit frequent, normal sex 
changes as does the genus Ostrea, but, nevertheless, it has a strong tendency towards 
protandric hermaphroditism, and the sex ratio is definitely influenced by environ- 
mental conditions (Amemiya, 1929; Coe, 1934). Further, Amemiya (1935), and 
also Egami (1953) have shown experimentally that removal of part of the gill tis- 
sue in groups of Crassostrea gigas causes the proportions of males to females to rise 
during the breeding season, if the operations are performed no later than the previ- 
ous October. There is therefore reason to believe that the reproductive system of 
Crassostrea virginica may be affected by the oyster crab, at least in the second spawn- 
ing season in which it harbors the same crab, i.e., yearling oysters are probably never 
affected. This conclusion is also supported by the findings of Berner (1952) who 
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examined the gonadal condition of more than 300 Mytilus edulis infested with P. 
pisum. He found that a partial or even a complete cessation in the production of 
sexual products often occurred in mussels containing a crab measuring 10 mm. or 
more in carapace width, but that mussels containing a smaller crab very seldom 
seemed to be affected. And according to the same author there can be no doubt 
that the larger crabs were all in their second or third year. 


DiIscussION 


Of primary interest in this study of P. ostreum was the revelation that both sexes 
invade their host in the first crab stage, which has become morphologically adapted 
for its dual role of swimming about in search of a host and of entering it. Further, 
that about four more, hitherto undescribed, growth stages follow this stage before the 
crab moults into what was until now thought to be the invasive stage, viz. the hard 
stage. 

Since the crab is found in an animal that has been the subject of more research 
than most marine invertebrates, it may well be wondered why the presence of these 
early stages has so far been overlooked. There are, however, many reasons for 
this. They are not found throughout the year. In fact, in fast growing spat and 
in yearlings and older oysters they may develop into the hard stage within a few 
weeks. Under all circumstances many of them will soon reach a pre-hard stage 
in which, if at all possible, it takes more than a casual observation to distinguish them 
from second stage crabs. The firmly established belief that the hard stage was the 
invasive stage is in itself another explaining factor. Moreover, the small size and 
often concealed position of the early stages in all parts of the water conducting sys- 
tem of the host makes them easy to overlook. A careful microscopical examination 
of the oyster tissues is indeed necessary to find all crabs present. 

It is well known that other species of Pinnotheres are found in a large number of 
common intertidal or littoral host animals all over the world, except in arctic and 
antarctic waters. In spite of this, no developmental stages, equivalent to the in- 
vasive or the pre-hard stages of P. ostreum, have been taken and recognized as 
such in nature. It is therefore of considerable interest to discuss the general 
conclusions concerning the life-history and biology of species of Pinnotheres that 
may or may not be drawn from a study of the literature and the results of the pres- 
ent work. In addition, some information from recent studies on P. pisum in 
Scandinavian waters will also be utilized although the materials and methods as 
well as the detailed results are not published yet. 

More than one hundred species of Pinnotheres have been described (Rathbun, 
1918; Tesch, 1918; and others), and they are doubtless all either commensals or 
parasites. This is well established for the large majority of the species, but in 
some cases no reference is made to a host for a particular species. In most of these 
cases, however, it can be ascertained that the author’s material consisted of hard 
stage crabs, usually only males, and the collection of this stage free in the water 
obviously does not mean that the species concerned is free-living. In other cases 
the original collector has not bothered to note from which host the crab or crabs 
were taken. 


Most of the species inhabit bivalves while a few are found in polychaete tubes, 
gastropods, holothurians, and tunicates. The majority of them are also known to 
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occur in more than one host. Many have been taken from half a dozen different 
bivalves or more (Sakai, 1939; and others), and a few are even known to occur in 
widely different types of hosts. For instance, P. maculatus has been collected both 
from bivalves and Chaetopterus tubes, and P. pinnotheres occurs in bivalves as 
well as tunicates. One of the few species that may be host specific is P. placunae 
described by Hornell and Southwell (1909) which seems to be morphologically 
adapted to inhabit Placuna placenta, a bivalve with closely approximated valves. 
P. ostreum also occurs in other bivalves than C. virginica as it has been found in 
Pecten sp. by Ortmann (Gerstaecker and Ortmann, 1901), and on one occasion in 
Anomia simplex by the present authors. 

Once the female oyster crab has developed beyond the hard stage it never leaves 
the host. During the many years of biological work on the Delaware Bay oyster 
beds, no mature or other post-hard crabs have ever been collected outside a host. 
We have found dead and dying oysters (gapers) containing post-hard, usually 
fifth stage crabs, some of which were also dead. It may be that neither the live 
nor the dying oyster open enough to enable the crab to crawl out. We are, how- 
ever, convinced that a post-hard crab would not leave a live oyster even if it had 
an opportunity to do so, and this probably applies to all Pinnotheres-host associa- 
tions. It is certain that adult females of species living in worm tubes, holothurians, 
and tunicates are unable to leave their host as is evident from the papers by Semper 
(1881), Enders (1905), Wells (1928, Fig. 76), Tu (1938) and others. The 
same must be true for those species which live in burrowing and boring bivalves. 
They can only be entered or left through the siphons which are not wide enough 
to admit the passage of a mature female. Wells (1940) has some data on this 
problem for other genera of pea crabs, but his results seem somewhat contradictory 
to one another. On the other hand, Tu (1938) writes that he has often seen P. 
affinis leave and re-enter the scallop, Pecten hastatus?, and Berner (1952) states 
that all stages except the larger ovigers of P. pisum freely change from one host to 
another. It is not clear, however, whether Tu’s observations apply to the post-hard 
stages, and Berner’s statement seems to be based more on opinions than on actual 
observations. In contrast to Berner, Thompson (1835) emphasizes that although 
he made extensive dredgings with fine nets, and at all seasons, on grounds with 
infested mussels he never found a free-living female P. pisum. 

The species may of course vary in this respect, and it is obvious that some spe- 
cies of host animals would be easier to leave and enter than others. However, 
since the mature female with its soft-shelled carapace and feeble walking legs seems 
entirely unadapted for even a temporary stay outside a host, more convincing evi- 
dence seems needed to accept Tu’s and Berner’s statements. These crabs are only 
able to move slowly and they would be easy prey for any predators. They often 
lie on their backs on the aquaria floors as well as inside their host, and this is obvi- 
ously a dangerous habit unless the crab is in a protected position. It may also be 
asked why two different stages, both specialized for swimming and entering the 
host, should have developed if all stages could freely move from host to host. In 
this connection we cannot accept Berner’s view that the softness of the carapace 
facilitates the invasion of the host since even the smaller, specialized hard-stage 
crabs may be trapped and severely damaged between the valves (Orton, 1921). It 
is very possible, however, that some or all species inhabiting bivalves that gape upon 
death may leave their host under such circumstances. This was observed by Wells 
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(1940) for some other genera of pea crabs, but in view of the above we find it 
doubtful whether a post-hard Pinnotheres would succeed in finding and entering 
another host. 

There can hardly be any doubt that all species of Pinnotheres invade their host in 
the first crab stage. Pre-hard stages must exist in all of them as evidenced by the 
large size of the hard-stage crab in the many species in which this stage is known, 
viz. all the species of which the male has been described. It is also reasonable to 
assume that they are soft-shelled and without swimming hairs as we have found 
for both P. ostreum and P. pisum, and that they are therefore not adapted either 
for a free-living existence or for invading the host. Hence the crab must invade 
its host either as a megalopa or in the first crab stage as we can safely disregard 
Semper’s (1881) suggestion of the invasion taking place in the zoeal stage. Since it 
is now known that the two species mentioned above invade their host in the first 
crab stage, and since this stage of the only other Pinnotheres in which it is known, 
viz. P. taylori, described by Hart (1935), closely resemble the other two in having 
long, plumose swimming hairs on the third and fourth pairs of pereiopods, there is 
every reason to expect this to be the invasive stage in all the species. Consequently 
we do not agree with Atkins (1954, 1955), who suggested that P. pinnotheres, but 
not P. pisum, possibly invades its host in the megalopa stage. Atkins draws atten- 
tion to a paper by Wells (1940) who found the megalopa of two different species of 
Pinnixa inside their bivalve hosts. This genus differs, however, from Pinnotheres 
in many respects as is also indicated by its systematic position in a different sub- 
family, and the only known first crab stage of this genus, viz. that of P. sayana, 
described by Faxon (1879), apparently does not possess plumose swimming hairs. 
It seems more significant that Wells never found the megalopa of Fabia subquad- 
rata, a species closely related to Pinnotheres, although he examined a large number 
of the bivalves in which this species commonly occurs. 

From the above account it follows that neither the male Pinnotheres nor the im- 
mature females are free-living as so often stated in the literature (Rathbun, 1918; 
Orton, 1921; Berner, 1952; and others). The free-swimming period of the male 
during the copulatory period may vary in length for the different species, but it is, 
nevertheless, only a phase in the otherwise commensal or parasitic life of the crab. 

In some species, however, the young invasive stage crabs may invade a host in 
which they do not occur as adults, and in these cases both sexes migrate from the 
initial to the final host upon reaching the hard stage. This has been shown to be the 
case in P. pisum, which apparently exhibits a regular host change, the invasive and 
pre-hard stages having been found only in the clam, Spisula solida. Most probably 
these stages will also be found in other bivalves of the same type, but only the hard- 
Stage crabs may be found in the initial as well as the final host species. Other 
Pinnotheres with a host change should probably be looked for among those species 
of which free-swimming hard stage females have frequently been taken. 

Thus, the specialized hard stage, which primarily has evolved to serve the pur- 
pose of uniting the two sexes for copulatory activities, may also serve another im- 
portant function. Under certain conditions it is also conceivable that females of 
species which do not normally change host may do so, but in such cases no change 
of host species needs to be involved. If a number of female oyster crabs invade the 
same host during the same invasive season, only one will reach the mature stage 
within that particular oyster (Stauber, 1945). Excessive females therefore either 
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perish or migrate to other oysters. As discussed earlier, mortalities involving all 
crabs but one usually take place in spat, but this is not the case in yearlings and 
older oysters. In fact, Stauber (1945, and unpublished data) found a very large 
number of older oysters containing 10 or more immature, mostly hard stage crabs 
in early winter. It therefore seems very possible that the excessive females may 
survive the winter within the host and migrate to other, non-infested oysters the fol- 
lowing spring. 

The puzzling occurrence of soft-shelled male P. ostreum as large or larger than 
hard-stage males has been touched upon earlier. Since only few soft-shelled males 
were found after the mass development of pre-hard crabs into the hard stage in 
June and the first half of July in 1956 (Fig. 5), we became at first convinced that 
they were normal pre-hard crabs delayed in their development, especially since the 
evidence derived from other field data, as well as from the moulting experiments, 
supported this conclusion. However, while all these data certainly show that hard- 
stage males do not normally moult into soft-shelled crabs, the recent studies on 
P. pisum indicate that a specimen may now and then do so. If, namely, the pre- 
liminary results are correct with regard to the mentioned regular change of host, 
pre-hard crabs should not occur in host species that act as host for the adult crab, 
yet soft-shelled males have been taken from Mytilus edulis by several authors, in- 
cluding Atkins (1933). It is significant, however, that only very few have been 
taken while the hard stage has been taken in large numbers. Nevertheless, unless 
the crab occasionally enters the normal final host already while in the invasive stage, 
these soft-shelled males must derive from hard-stage crabs, and there are reasons 
to believe that the latter hypothesis is true. The conspicuously large soft-shelled 
males of P. ostreum usually occur in late summer, and although Atkins (1933) 
made collections throughout the year, she found two of her soft-shelled specimens 
on June 6th and the remaining six in early August, i.e. in both species they seem 
to occur mainly after all the pre-hard males should have developed into the hard 
stage. This poses the still unanswered question as to what may cause such abnormal 
moultings. Atkins (1933), who did not know about the existence of the soft-shelled 
pre-hard stages, also wondered about this. She dispelled the statement of Mercier 
and Poisson (1929) that they were caused by a parasitic isopod, and she found no 
other parasites in the eight specimens examined by her. As Atkins is a known au- 
thority on parasites of Pinnotheres it is most unlikely that any were overlooked. 
One possibility which deserves attention is whether a tendency toward protandric 
hermaphroditism might be involved since it seems to be the only other factor that 
could explain the moulting of hard-stage males into a soft-shelled stage very much 
like the female second stage. An examination of the gonads of freshly caught 
specimens might help to solve the problem. 

Orton (1921) discovered that the female P. piswm copulates precociously, and 
this has been confirmed for P. ostreum. However, since the two sexes develop 
through exactly the same stages until and including the (hard) stage in which the 
copulation takes place, this is evidently also true for the male. In other words, 
post-hard males, equivalent to the existing female stages, probably existed some- 
where in the line of evolution. When they were no longer needed for the survival 
of the species they disappeared. There can be little doubt that these phenomena are 
the results of evolutionary adaptations to the commensal or parasitic life of the genus. 
The ability of copulating in the hard stage, together with the added adaptations of 
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this stage for swimming and entering a host, makes it possible for the two sexes to 
inhabit different host specimens except when mating takes place. And due to the 
small size and shortened life of the male, the available space and food in the host 
population is most effectively utilized by the crab population, viz. for the vital pro- 
duction of eggs, the number of which is highly dependent on the number and size 
of the crabs producing them. 

In summary it may be said that Pinnotheres seems more adapted to its mode of 
life than hitherto believed, and the genus must have a long evolutionary history 
behind it. The post-planktonic developmental cycle with its specialized stages, 
as well as the reproductive biology, is unique and quite unlike anything known from 
free-living crabs. 

The very considerable differences which exist in the development, morphology 
and biology of pinnotherid crabs make it difficult to judge on which points some of 
the present findings may also apply to certain other genera. Even within the genus 
Pinnotheres itself there are notable differences, especially with regard to the larvae, 
a fact which has made Lebour (1928) and others wonder whether they could all be- 
long to the same genus. In short, both from a systematic and biological point of 
view the pea crabs offer a promising field of research. 


SUMMARY 


1. It is shown that Pinnotheres ostrewm invades its host, Crassostrea virginica 
in the first crab stage and not in the hard-shelled stage as hitherto believed. 

2. The finding of the first crab stage both in plankton samples and inside oysters 
marks the first find in nature of this stage for any pinnotherid crab. 

3. A preliminary description is given of the following pre-hard stages, which 
were the last unknown stages in the developmental cycle of P. ostreum. Both sexes 
of these stages were found only in the oyster and are never free-living. A full 
life-history of a pinnotherid crab is now known for the first time. 

4. Invasion of the oyster in Delaware Bay takes place in late summer at a time 
when most of the oyster spat have grown sufficiently large to harbor one or more 
crabs. 

5. More crabs invade spat than yearlings and older oysters, but the survival rate 
is higher for crabs invading the latter groups of oysters. 

6. The growth rate of the crab from the invasive to the mature stage is shown 
to be positively correlated with the growth rate of the host. 

7. Development of the crab is not retarded in slow-growing oysters to the same 
extent as the rate of growth. This results in a considerable size variation of female 
crabs just moulted into the mature stage, viz. from 4.4 to about 9.0 mm. in carapace 
width. 

8. The hard stage, hitherto believed to be the invasive stage, is shown to be a 
specialized stage which primarily serves the purpose of uniting the two sexes for 
copulatory purposes. The males leave their hosts in this stage to search for females 
in other oysters, but this free-swimming period is only a phase in the otherwise para- 
Sitic life of the crab. 

9. It is shown that males do not develop beyond the hard stage. They disappear 
shortly after copulation with one or more females, which usually takes place in late 
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June and in July. In contrast to the females they therefore only become one year 
old or less. 

10. Females become ovigerous in their first summer but do not reach maximum 
size before their second summer. At least some of them become three years old. 

11. Ovigerous crabs are found in Delaware Bay from early June to middle Oc- 
tober with a distinct maximum occurring between late July and late August. The 
older crabs deposit eggs before the one-year-old crabs. The eggs are carried from 
three to five weeks, and the length of the larval period is three to four weeks. 

12. The possible influence of P. ostreum on the growth and reproduction of the 
host is discussed. It is believed that the crab exerts no (discernible) influence in 
its first year but that it probably does in many cases in its second (and third) year. 
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SOME EFFECTS OF OXYGEN UPON THE WHITE PUPAE OF 
HABROBRACON ? 


A. M. CLARK AND M. J. PAPA 


Department of Biological Sciences, University of Delaware, Newark, Delaware 


Various investigations on a wide range of organisms have shown that high pres- 
sures of oxygen may have deleterious effects (Stadie, Riggs and Haugaard, 1944; 
Bean, 1945). Although injury from oxygen has been reported for insects the data 
have been rather meager. In 1878, Paul Bert in his studies on oxygen poisoning for 
a wide range of organisms reported that beetles are killed by high pressures of 
oxygen (Bean, 1945). A toxic effect from oxygen has been shown by Williams 
and Beecher (1944) for Drosophila azteca adults. Glass and Plaine (1952) re- 
ported a slight lag in development for Drosophila melanogaster exposed as embryos. 
Goldsmith and Schneiderman (1956) reported that various post-embryonic stages 
of Mormoniella vitripennis are sensitive to oxygen. Injurious effects from ex- 
posure to oxygen have been shown for Habrobracon juglandis where an arrestment 
of development, arrestment of pigmentation and a decrease in oxygen consumption 
occurs (Clark and Herr, 1954). The marked sensitivity of Habrobracon during 
certain stages of development indicated that this may be a good organism on which 


to study the mechanism of oxygen poisoning. In the present paper there are 
presented (1) data on the sensitivity of white pupae to oxygen, (2) data on the 
modification of oxygen-sensitivity by temperature. 


MATERIALS AND METHODS 


The methods of rearing and of experimentation on Habrobracon have appeared 
in previous publications (Clark and Mitchell, 1951). Virgin females from Stock 
No. 33 were allowed to lay eggs during four hour periods. These eggs are haploid 
and accordingly develop into males. The cultures were allowed to develop for six 
days (approximately 144 hours). At this age all of the wasps are in the white 
pupal stage. Groups of pupae were placed into plastic chambers of about 100 cm.° 
in volume. The chambers were flushed for one minute with 100 per cent oxygen 
delivered from a commercial cylinder and then exposed to oxygen at the desired 
pressure for one additional minute. The pupae were then removed from the plastic 
chamber into an air environment and observed for effects upon development and 
upon oxygen consumption. The eclosion ratio, the incidence of adults that emerge 
from cocoons, was used as a measure of survival. Groups of pupae that were ex- 
posed to 2 atmospheres of nitrogen showed no deleterious effects. This indicates 
that the injury reported here is not due to pressure. 

Previous work has shown that the larval stages are resistant and the early pupal 
stages are quite sensitive to oxygen (Clark and Herr, 1954). White pupae (6-day 


1 Research carried out under AEC contract AT(30-1)-1752 between the University of 
Delaware and the U. S. Atomic Energy Commission. 
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cultures) appear to be most sensitive and were, therefore, selected for further ex- 
perimentation. Pigmented pupae (7-day cultures), however, yield results com- 
parable to those reported here for white pupae. The cultures were culled before 


use in order to remove individuals that were not in this stage, that had died, or that 
were too small. Habrobracon has a life cycle of 9 days at 30° C. 


100 
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Ficure 1. Eclosion ratios for wasps that were exposed to 100 per cent oxygen (15 to 30 pounds 
for one minute). 
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RESULTS 


Groups of pupae were exposed to oxygen at pressures from 15 pounds to 30 
pounds. A marked effect on the ability of the pupae to develop to the adult stage 
and to emerge from cocoons was observed. With increased pressures of oxygen 
from air to 20 pounds oxygen there is a-decided decrease in the percentage of pupae 
that develop to the adult stage. After exposure to 20 pounds of oxygen only 5 
per cent of the pupae develop to the adult stage (Fig. 1). The slight increase in 
eclosion for groups of pupae exposed to 30 pounds of oxygen is spurious since most 
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of the experiments at this dosage of oxygen yield zero eclosion. In fact, exposure 
of white pupae to 30 pounds of oxygen for only five seconds will arrest their de- 
velopment. Of 49 white pupae that were treated with 30 pounds of oxygen for 5 
seconds, none developed to the adult stage. 
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Ficure 2. Oxygen consumption for white pupae that were exposed to 100 per cent oxygen (15 
to 30 pounds for one minute). 
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White pupae treated with thirty pounds of oxygen are arrested at this stage 
of development. They remain as white pupae for about a week and after this time 
may become somewhat pigmented. They appear to be alive for at least two weeks 
as indicated by the lack of discoloration or the absence of drying-out of the pupae. 

Further, such pupae showed the same magnitude of oxygen consumption after 
two days as after one hour. White pupae exposed to 15 pounds of oxygen be- 
come pigmented before they are arrested in development while white pupae treated 
with 30 pounds of oxygen are arrested immediately as white pupie. Within these 


TABLE | 


Res piratory quotients of white pupae exposed to oxygen 


Treatment Expressed as ul/25 pupae/hr. 


Irece y , , — . 
Pressure No. of O2 consumed CO: liberated 
(pounds) experiments 


Air 15 6 40 27 
Oxygen 15 6 29 18 
Oxygen 0 6 15 10 
Oxygen : 6 10 8 


extremes the amount of delay in pigmentation is influenced by the pressure of 
oxygen that is applied. 

Groups of pupae (25 pupae/group) were treated with oxygen and then measured 
for oxygen consumption with a Warburg respirometer. The amount of oxygen 
utilized by the pupae was found to decrease as the oxygen pressure was increased 
(Fig. 2). 

Comparison of the per cent of eclosion (Fig. 1) and the oxygen consumption 
(Fig. 2) shows that the degree of decrease is not of the same magnitude in each. 
The eclosion ratio drops off faster than the rate of oxygen uptake. After exposure 


TABLE II 
Oxygen uptake for white pupae exposed to oxygen 
(measured 1 and 24 hours after treatment) 


Treatment ul O2/25 pupae/hr. 
Gas Pressure (pounds) 1 hour 24 hours 


Air ; 38 
O. 7 28 
O. 11 
O. 4 


to an oxygen pressure of 20 pounds the eclosion falls to about 5 per cent of the air 
controls while for the oxygen uptake it falls to about 75 per cent of the air controls. 
Thus, the decrease in the eclosion percentage is most marked in the oxygen dosage 
range from air to 20 pounds of oxygen, while the greatest decrease in oxygen con- 
sumption does not occur until after treatment within the dosage range of 20 to 30 
pounds of oxygen. The data indicate that there is no difference in oxygen uptake 
between pupae treated with 18 pounds or with 20 pounds of oxygen (Fig. 2). 

The respiratory quotient (R. Q.) was determined after exposure to various pres- 
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TABLE III 
Eclosion ratios of white pupae exposed to oxygen at 10° C. and 26° C. 


Treatment Eclosion ratio 


Gas Pressure (pounds PC 10° C. 


Air 15 82 41 
0. 15 58 48 
O. 18 41 47 
0. 20 5-101 79-9. 
O. 25 36 34-8 


sures of oxygen (Table 1). In these experiments groups of pupae were measured 
for oxygen consumption for three hours, after which the KOH was removed from 
the center well and the amount of carbon dioxide liberated was determined. With 
increasing pressures of oxygen there is a decrease both in the oxygen consumption 
and in the liberation of carbon dioxide. There is no change in the R. Q. with in- 
creased oxygen pressure (Table I). 

It seemed of interest to inquire whether there was any recovery of the ability 
to consume oxygen following treatment with oxygen. In order to test this, pupae 
whose oxygen consumption had been measured within one hour after treatment 
with oxygen pressures from 15 to 25 pounds were kept in an incubator for 24 


raB_e IV 
Oxygen uptake of white pupae exposed to oxygen at 10° C. and 26° C. 


Treatment ul O2/25 pupae/hr. 
Gas Pressure (pounds) 26° C. 10° C. 


Air 15 44 46 
O. 25 21 47 


hours and then re-measured for oxygen consumption. These data appear in Table 
II and show that there is no change in oxygen uptake after 24 hours. Experiments 
not reported here have shown that the oxygen consumption does not increase after 
two days. Thus, the decrease in oxygen consumption following oxygen treatment 
is irreversible. 

Groups of white pupae were placed into a refrigerator at 10° C. for % hour or 
kept at room temperature (26° C.) for the same length of time. They were then 
exposed immediately to oxygen of known pressure and placed into the incubator 
(30° C.) to observe for developmental effects. Pupae treated when cold were 
much more resistant to oxygen than were the pupae that were treated when warm 
(Table IIL). For example, of 50 pupae that were treated with 25 pounds of oxy- 


TABLE V 


Eclosion ratios of white pupae treated with oxygen before and 
after exposure to 10° C. and 26° C. 


Eclosion ratio 
Oxygen pressure (pounds) 


Treatment 15 20 


then Os, then 10° C., 6 
, then Os, then 10° C. 

then O., then 26° C. 
, then Os, then 26° C. 
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gen after exposure to 10° C., 35 developed to the adult stage and emerged from 
their cocoons while of 36 pupae treated in the same manner after exposure to 26° C., 
none developed to the adult stage and eclosed. Other groups of pupae were treated 
in the same manner and measured for oxygen uptake. Pupae exposed to 25 
pounds of oxygen after cold exposure consumed as much oxygen as the controls 
while pupae treated after exposure to warm temperature showed a marked decrease 
in oxygen consumption (Table IV). These data on oxygen consumption are in 
agreement with the data on eclosion (Table IIT) 

Since temperature has an effect on the sensitivity of pupae to oxygen, the pos- 
sibility that this oxygen-sensitivity could be modified by exposure to different tem- 
peratures after oxygen treatment was considered. Groups of white pupae were 
placed either at 10° C. or 26° C. for % hour, then exposed to oxygen of known pres- 
sure and then placed at 10° C. or at 26° C. for one hour (Table V). Eclosion ra- 
tios were obtained from the pupae so treated and showed that the post-treatment with 
temperature had no effect upon recovery. Thus, the temperature at the time of 
treatment with oxygen modified the oxygen-sensitivity. Whether longer periods 
of post-treatment with temperatures of 10° C. would be effective has not been tried. 
The metabolic state of the organism at the time of treatment seems, therefore, to de- 
termine the extent of its sensitivity. 


DISCUSSION 


Habrobracon white pupae when exposed to oxygen show an immediate and 
marked decrease in oxygen consumption and, subsequently, an arrestment of develop- 
ment and of pigmentation. The magnitude of these effects can be correlated to a 
certain degree with the dosage of oxygen that is applied to these organisms. 

It seems clear that the arrestment of pigmentation is due to the lack of sufficient 
oxygen in the tissues to allow for the enzymatic oxidation of tyrosine to melanin. 
This seems to be indicated by the following observations. The steep drop in the pig- 
ment-forming ability occurs after those dosages of oxygen where a marked decrease 
in oxygen consumption occurs (between 20-30 pounds pressure, Figure 2). At 
doses of less than 20 pounds of oxygen, there is relatively little decrease in pig- 
mentation and in oxygen consumption. The arrestment of pigmentation in Habro- 
bracon white pupae can be brought about also by exposure of the pupae to lowered 
concentrations of oxygen. There is no recovery in the rate of oxygen consumption 
for pupae whose oxygen consumption has been lowered by exposure to oxygen. It 
is generally realized that an arrestment of pigmentation may be caused by exposure 
of insects to environments with less oxygen tension. The fact that arrestment of 
pigmentation may be caused by increased oxygen pressures was reported by Linden 
in 1906 (Sussman, 1949). 

The events that are responsible for the arrestment of development may be dif- 
ferent from those responsible for the arrestment of pigmentation since pupae that 
are exposed to 15 pounds of oxygen show an arrested development but exhibit no 
delay in the acquiring of pigment. It seems difficult to relate this arrested devel- 
opment to a decrease in available oxygen since the incidence of pupae that develop 
to the adult stage after exposure to 20 pounds of oxygen is low (5 per cent of 
controls) while their rate of oxygen consumption is relatively high (75 per cent 
of controls). It is possible that the arrested development may be due to the inac- 
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tivation of a substance that has some control over development or to an increased 
concentration of some toxic materials. 

Various authors (see Bean, 1945) have suggested that the primary effect of 
exposure to oxygen gas is the inactivation of oxidative enzymes with a resultant 
generalized tissue anoxia. The fact that there is an immediate decrease in oxygen 
consumption for Habrobracon pupae indicates that this hypothesis may be valid. 
Studies on the oxygen uptake and enzyme activity of tissue homogenates, at present 
in progress, are needed to show this. To date, however, no decrease in oxygen 
consumption or in succinic dehydrogenase activity of homogenates from oxygen- 
treated pupae has been observed. Extensive experiments bearing on this hypothe- 
sis of tissue anoxia have been carried out by Stadie, Riggs and Haugaard (1944) 
with negative results. They found no immediate reduction in oxygen uptake in 
tissues from rats that had been killed by 7 atmospheres of oxygen. They assume, 
therefore, that generalized tissue anoxia is not the cause of acute oxygen poisoning. 
Despite this, it is not possible to eliminate the possibility that localized tissue anoxia 
may occur. 

All stages of development in Habrobracon are not equally sensitive to the in- 
jurious effects of oxygen (Clark and Herr, 1954). The larval and prepupal stages 
are not affected by 30 pounds of oxygen, while almost all of the pupae are injured. 
The reason for this difference in stage-sensitivity is not known at present. It seems 
clear, however, that it is not due simply to a difference in the rate of metabolism. 
Based upon oxygen consumption studies one can show that the oxygen-resistant 
larvae are more active than are the oxygen-sensitive pupae. In the present paper, 
however, experiments have been given that show that pupae that have been made 
less active by exposure to a temperature of 10° C. are more resistant to the toxic 
effects of oxygen than are pupae that were kept at 26° C. immediately before 
treatment. It seems that some qualitative difference in the metabolism of larvae 
and pupae exists that can be related to this difference in sensitivity. Our primary 
aim, then, is to determine the nature of these differences during development. 

The marked and immediate decrease in oxygen consumption for Habrobracon 
pupae and the absence of a compensating recovery is surprising. In the wasp 
Mormoniella vitripennis, exposure of black pupae to 5 atmospheres of oxygen for 
from 4 to 6 hours prevented 50 per cent from emerging but their oxygen uptake 
was unimpaired (Goldsmith and Schneiderman, 1956). We have treated pupae 
of other insect species with 2 atmospheres of oxygen under conditions comparable 
to those that we used for Habrobracon but no obvious effects on oxygen uptake or 
on development have been observed. The species tested were Drosophila melano- 
gaster, Musca domestica, Ephestia kuhniella and Polistes sp. It is hard to imagine 
that other species of insects do not exist that exhibit strong oxygen-sensitivity and, 
therefore, our search for other insects in this category continues. 


The authors wish to express their appreciation to Dr. James B. Krause and 
to Dr. Richard Darsie for helpful suggestions concerning the manuscript. 
SUMMARY 


1. Habrobracon were exposed as white pupae to oxygen and studied for effects 
upon development, oxygen consumption and pigmentation. 
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2. A marked decrease in the incidence of pupae that complete development 
occurs after exposure to oxygen within the range from air to 20 pounds. The 
greatest decrease in the rate of oxygen uptake and pigmentation occurs after ex- 
posure within the range from 20 to 30 pounds. 

3. The decrease in oxygen uptake following treatment is immediate. No sub- 
sequent recovery of oxygen uptake was observed 24 hours after treatment. 

4. There is no modification of the respiratory quotient following treatment with 
oxygen. With increasing pressures of oxygen both the oxygen consumption and 
carbon dioxide liberation decrease at the same rate. 

5. The sensitivity of white pupae to oxygen is modified by temperature. Pupae 
treated when cold are more resistant than pupae treated when warm. Thus, low- 
ering the metabolic state of the pupae increases their resistance to oxygen. 

6. The inability of the oxygen-treated pupae to acquire pigmentation has been 
explained on the basis of insufficient oxygen to allow for the oxidation of tyrosine 
to melanin. The effect of the oxygen treatment upon oxygen consumption and 
on development is unexplained and at present obscure. 
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ON DEVELOPMENT OF EARLY STAGES OF UROSALPINX 
CINEREA (SAY) AT CONSTANT TEMPERATURES AND 
THEIR TOLERANCE TO LOW TEMPERATURES 


ANTHONY E. GANAROS 
U.S. Fish and Wildlife Service, Milford, Conn. 


One of the most destructive predators of young oysters in Long Island Sound 
is the oyster drill, Urosalpinx cinerea (Say). However, our knowledge of its early 
development and the tolerance of its egg cases to winter temperatures, when de- 
posited late in the season, remains incomplete. Carriker’s (1955) comprehensive 
review of the literature on oyster drills clearly shows that most workers, while 
mentioning the time needed for ova to develop into young conchs, neglect to give 
the temperature ranges at which development occurs. Among the few who offer 
information on this subject, Haskin (1935) states that within the temperature 
range of 23.3° to 29.1° C., 18 to 25 days are needed for the first protoconch to 
hatch. Federighi (1931) reports that within a range of 18.0° to 32.0° C., it takes 
approximately 40 days to complete the development. Stauber’s field data (Car- 
riker, 1955) indicate that within the temperature range of 15.0° to 25.0° C., from 
45 to 78 days are required for drill eggs to develop. Cole (1942) reports 27 to 
32 days at 22.6° C., and 44 to 55 days at 18.3° C. 

As can be seen from the above references, the information is insufficient to 
form precise conclusions. We, therefore, devised experiments to determine more 
accurately the rate of early development of drills at several constant temperatures, 
which may be encountered within the temperature range of Long Island Sound or 
adjacent waters. 

It was also considered of theoretical interest and practical importance to learn 
the fate of the eggs deposited so late in the fall that they cannot complete develop- 
ment. Such egg cases, collected during the winter from subtidal and intertidal 
zones, frequently contain live ova and veligers. Yet, no systematic observations 
on whether these eggs and embryos can survive the winter and be released in the 
spring have ever been made. If these embryos could develop, they would have an 
early start, thus adding to the destructive potential of the next year-class of drills. 


METHODS 


Egg cases were obtained from drills maintained in the laboratory at 20.0° C. 
Preliminary experiments were made with egg cases scraped from the shells of the 
oysters used to feed the drills and from the glass sides of the aquarium. They were 
examined under a dissecting microscope and only those that had non-segmented 
ova, a soft pliable outer membrane, and a translucent bluish-white appearance were 
selected. It was estimated that such egg cases had been deposited within three 
days. Later, clusters of young oysters were placed in the aquarium overnight, 
and the egg cases deposited on them were used in the experiments. Thus, the 
age of these egg cases was known to be not more than 16 hours. 


188 
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To determine the rate of development of ova at different constant temperatures, 
20 egg cases were placed in perforated, transparent, plastic containers weighted 
with lead, which were then put in trays. Each tray was supplied with a constant 
flow of sea water at a salinity of about 25%o, and the temperature of the water was 
maintained at 7.5°, 10.0°, 15.0°, 20.0°, 25.0° and 30.0° C., controlled to within 
+ 1.0° C. (Loosanoff, 1949). 

In addition to conducting experiments at the above constant temperatures, egg 
cases were also kept at chilling winter temperatures just above freezing, and others 
were exposed to sub-freezing temperatures in and out of sea water. For observa- 
tions on the effects of the chilling temperature, 26 egg cases, dredged from New 
Haven Harbor on December 5, 1955, were suspended in outdoor tidal tanks and 
systematically examined ‘until March 22, 1956. Egg cases were also taken in 
winter from an aquarium kept at 20.0° C. and gradually conditioned to the Harbor 
water temperature which, at that time, was approximately 1.3° C. On January 7, 
1956, they were placed in the Harbor and kept there until July 20, 1956. 

To expose the egg cases to sub-freezing temperatures, they were placed in the 
freezing compartment of a refrigerator. In the first experiment the temperature 
of the compartment was — 12.0° C. (+ 1.0° C.), and in the second, — 16.0° C. 
(+1.0° C.). In each experiment the egg cases, with ova and veligers, were pre- 
conditioned in sea water to 3.0° C. Altogether nine plastic boxes, each contain- 
ing 20 egg cases, were used. Six containers were without water and three con- 
tained 100 ml. of sea water each. One container without water was removed 
at the end of the first half hour and the others at half-hour intervals thereafter, 
up to three hours. The first group of egg cases kept in sea water was removed 


after one hour of exposure and the others at hourly intervals. In later, similar 
experiments, the egg cases were left at both temperatures for two, four and six 
hours. 


DEVELOPMENT AT Six CoNSTANT TEMPERATURES 


We determined the number of days required at different temperatures for de- 
velopment of ova (Fig. 1) to the following embryological stages: early larvae 
(Fig. 2), shelled veliger (Fig. 3), and protoconchs (Fig. 4). The time needed 
to reach the early veliger stage decreased with increases in temperature from 10.0° 
to 30.0° C. (Table 1). The groups kept at 30.0° and 25.0° C. attained the shelled 
veliger stage between the fourth and seventh days. However, it required eight 
additional days for those kept at 20.0° C. to reach the same stage, and even longer 
for those at 15.0° and 10.0° C. 

In spite of the longer time required for ova at 20.0° C. to develop to the shelled 
veliger stage, they had reached the protoconch stage by the 22nd day, the same as 
the groups kept at 25.0° and 30.0° C. Nevertheless, the egg cases kept at 30.0° 
and 25.0° C. started releasing young conchs on the 22nd day, and continued for 
16 days for both temperature groups. None of those kept at 20.0° C. were released 
until the 30th day, and those kept at 15.0° C. were not released until the 56th day. 
Thus, while there was only eight days’ difference in the time required to reach the 
protoconch stage between the egg cases kept at 20.0° C. and those at 15.0° C., 
there was 26 days’ difference in the time of release of the first young conchs. 
Moreover, at 20.0° C. the period between the first conch released and the last 
was only 13 days, while for the 15.0° C. group 22 days were needed. 
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Figure 1. Egg case of U. cinerea with five ova. X 10. 


At 10.0° C. the ova required 66 days to reach the early veliger stage, and 84 
days before the shelled veligers appeared. At 7.5° C. no development occurred 
during the 54 days. At the end of those periods both the 10.0° C. and 7.5° C. 
groups were placed in water of 20.0° C. to determine whether they would develop 
under the new temperature condition, regardless of their previous treatment. Only 
65 per cent of the egg cases kept originally at 10.0° C. produced conchs, while no 
development occurred in the former group at 7.5° C. Since the egg cases at 
7.5° C. were apparently adversely affected before being placed at 20.0° C., it may 
be inferred that temperatures at 7.5° C. and lower not only arrested development, 
but killed the eggs after a prolonged period of exposure. 

Our results indicated that the optimum temperature for drill development was 


ABLE | 


Number of days for ova to develop to various stages at constant temperatures and the 
percentage of egg cases producing young conchs 


lemperatures 


Stage of development 


Early veliger : 10 
Shelled veliger 25 
Protoconch 30 
Release of y oung conchs 56-78 


Percentage of egg cases 


4 


producing young conchs 5% 90% 


* No development. 
** Placed in water of 20.0 
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Figure 2. Egg case, with outer membrane removed, containing early motile larvae just 
before a true velum is developed. Larvae at this stage have a gut and can feed on particulate 
matter by means of currents created by the cilia. 10. 


Figure 3. Egg case, with outer membrane removed, containing veliger larvae, with foot 
and velum present, after torsion has occurred. The shell has begun to form along the outer 
edge of the mantle. X 10. 
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about 20.0° C. (Table 1). However, since the rate of development was faster at 
25.0° C. and the difference in the percentage survival of egg cases producing young 
conchs between 20.0° C. and 25.0° C. was small, it was considered possible that 
the optimum was above 20.0° C. Therefore, a second experiment was conducted 
at 20.0° C. and 25.0° C., using 20 egg cases in each temperature group, and the 
percentage survival of ova determined. At 20.0° C., 139 out of 176 ova, or 78.9 
per cent, developed to the protoconch stage, as compared to 96 out of 168 ova, or 
56.8 per cent development, at 25.0° C. Thus, although the rate of development 
was faster at 25.0° C., the optimum temperature, from the standpoint of successful 
development to the young conch stage, appeared to be about 20.0° C. Moreover, 
at 20.0° C. the period for protoconch release was shorter than at any other 
temperature. 


Figure 4. Egg case, with outer membrane removed, containing three early protoconch 
larvae which show partial spiral development and pigmentation. Note also the two undeveloped 
ova in the same egg case. X 10. 


Since the egg cases in the first experiment were deposited within a period of 


three days, their age alone could not account for the difference of 13 to 22 days 
between the release of the first and last young conch. The conclusion that slight 
differences in the age of the cases are not responsible for pronounced differences in 
the time needed for release of young conchs of the same groups is further substan- 
tiated by our second experiment at 15.0° C. in which egg cases collected within a 
16-hour period started releasing young conchs at 62 days and continued to do so 
for 19 days. 
TOLERANCE TO Low TEMPERATURES 
To study the tolerance of egg cases to winter temperatures when exposed at 


low tide and to simulate tide pool conditions, cases containing-ova and _ veligers 
were placed in water and exposed to air at the same sub-freezing air temperatures. 
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Because oyster drills in the intertidal zone stay close to the low water level and 
deposit their egg cases there, the latter are seldom exposed to air for more than 
an hour or two. Nevertheless, even under these conditions all the eggs would 
die if exposed to air temperatures around — 15.0° C. However, if the time of 
exposure at this temperature is reduced to a half hour, approximately 40 per cent 
may survive. At temperatures around — 12.0° C., five per cent could survive 
after two hours of exposure. 

The survival was greater when the egg cases were protected by water (Table 
II). At exposure periods of two hours at air temperatures around — 12.0° and 
— 15.0° C., about 95 per cent of the eggs survived. The chance of survival of 
eggs in frozen tide pools would be much greater than in air, not only because of the 


TABLE II 


Survival of ova and veligers in egg cases of U. cinerea (a) submerged in sea water, and 
(b) when exposed in air, subjected to two sub-freezing temperatures. Survival 
is expressed in percentage of egg cases in which shelled veligers 
developed after returned to 20.0° C. sea water 


Air temperature —12.0° C. (+1.0° C Air temperature —16.0° C. (+1.0° C.) 


‘ T ‘ e < : . T ‘ i 

Length of Temperature at Survival Length of Temperature at Survival 
end of exposure of : end of exposure oO 

exposure (°C) (%) ex posure (°C) (%) 


(a) submerged in sea water 


100 1 Hr. 
95 2 Hrs. 
95 3 Hrs. 
95 4 Hrs. 
85 6 Hrs. 


(b) exposed in air 


4 Hr. f 5 4 Hr. — 15.0 
1 Hr. ; ) 1 Hr. — 15.0 
14 Hrs. ’ 14 Hrs. — 15.0 
2 Hrs. 7 d 2 Hrs. — 15,3 
24 Hrs. ; 23 Hrs. — 16.2 
3 Hrs. ; 3 Hrs. — 16.0 


warmer temperatures of the water, but also because desiccation of the egg cases is 
inhibited. Usually when drill cases were exposed to the sub-freezing air tempera- 
tures they were desiccated to such an extent that their walls collapsed. In gen- 
eral, experiments showed that the percentage survival in both air and water 
decreased with increases in time of exposure and with decreases in temperature 
(Table IT). 

The resistance of eggs and embryos to low temperature was tested under more 
natural conditions when, on December 5, 1955, 26 egg cases, 11 of which contained 
ova to segmented stages and 15 contained veligers and shelled veligers, were 
dredged from New Haven Harbor. The bottom temperature was 7.1° C. and the 
veligers were observed revolving within their capsule. These cases were placed 
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in tidal tanks in water of 7.5° C. on December 6, 1955, and the veligers were still 
motile on February 16, 1956, 63 days later. The average water temperature dur- 
ing this period was 2.3° C. with a range from —0.1° to 7.5° C. By March 22, 
however, the ova and segmented stages within the cases were disintegrated and 
the veligers were dead. 

To supplement these observations 120 egg cases collected from the laboratory 
aquaria were conditioned gradually to the outdoor water temperature of 1.3° C. 
and placed in the Harbor on January 7, 1956. These egg cases were kept until 
July 20, 1956, but showed no evidence of development. 


DISCUSSION 


The incubation times found in our experiments are in general agreement with 
the data of other authors. Thus, Haskin’s (1935) report of 18 to 25 days as the 
time for the first young conchs to hatch at 23.3° to 29.1° C. agrees with our 22-day 
period at 25.0° C. Cole’s (1942) findings of 27 to 32 days at 22.6° C. and 44 to 
50 days at 18.3° C. for drills are again in agreement with our observations. If we 
interpolate our data, we obtain 30 to 38 days at 22.5° C. and 43 to 56 days at 
7S” ¢. 

Compared to our results, Cole (1942) found that the surprisingly short period 
of only five days was required for all the young conchs to be released at 22.6° C. 
and only six days at 18.3° C. Cole does not give the number of egg cases used 
in this experiment and the short period he records may be the result of having 
very few egg cases, since we found considerable variation between egg cases at 
any one temperature. 

Pope (Carriker, 1955) found that the period for protoconch release from an 
egg case or group of egg cases, which we assume were deposited at the same time 
and kept under identical conditions, extended from four to 38 days. He attributes 
this to an uneven development of the embryos, but we found the embryonic devel- 
opment within a single egg case to be generally uniform, except for malformed 
embryos and undeveloped ova. - By the time of release, some of these are partly 
eaten by the normally developing drills or remain undeveloped to such an extent 
that they never emerge (Fig. 4). Considerable variation in the period of incu- 
bation, however, does occur between the egg cases deposited within a 16-hour 
period. 

We observed that the greatest variation in hatching time between egg cases 
occurs after the protoconch stage, which may not be caused entirely by an uneven 
development of the embryos. Some protoconchs remain in their cases longer than 
others, which may be due to a variation in some mechanism releasing the egg case 
operculum. Variations in hatching may also be caused by the physical obstruc- 
tion of the operculum opening which a protoconch may find too small. On one 
occasion we saw a young drill, emerging from a case, become entrapped in the 
operculum opening and block the passage for the remaining protoconchs for eight 
days. 

Our experiments showed that although egg cases can withstand sub-freezing 
water temperatures for short periods, they cannot survive prolonged periods of 
chilling. At first it appears to be more drastic to subject the egg cases to sub- 
freezing temperatures rather than to temperatures above freezing but if, for ex- 
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ample, the permeability of the egg cases is affected, the osmotic malfunction pro- 
gresses at a faster rate at chilling temperatures than at sub-freezing temperatures 
(Luyet and Gehenio, 1940). Chilling temperatures, as these authors point out, 
become lethal to protoplasm only after long periods. This may explain the sur- 
vival of the egg cases which we kept in the tidal tanks for a period of 63 days and 
also the presence of egg cases observed by other workers during the-winter months 
(Carriker, 1955). 


The author wishes to thank Dr. V. L. Loosanoff for his suggestions and construc- 
tive criticism throughout the experimental work and both Dr. V. L. Loosanoff 
and Mr. H. C. Davis for the critical reading of this paper. I also wish to thank 
Mr. C. A. Nomejko for preparing the photomicrographs and tables. 


SUMMARY 


1. The rate of ova development increases directly with the increase in tempera- 
ture from 15.0° to 25.0° C. No increase in the rate of ova development was ob- 
served above 25.0° C. 

2. Optimum temperature for ova development of U. cinerea of Long Island 
Sound appears to be 20.0° C., or between 20.0° and 25.0° C. 

3. Egg cases of U. cinerea kept in sea water can withstand sub-freezing tem- 
peratures for longer periods than egg cases exposed to sub-freezing air temperatures. 

4. In sub-freezing temperatures, the percentage mortality increases with the 
period of exposure and with a decrease in temperature. 

5. Egg cases kept at 10.0° C. for as long as 84 days showed partial development 
and were capable of producing normal protoconchs when returned to 20,0° C.; 
whereas, egg cases kept at 7.5° C. for 54 days were not viable. 

6. Our experiments and observations suggest that egg cases remaining through 
the winter in Long Island Sound will not contain viable ova in the spring. 
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THE UPTAKE OF RADIOACTIVE CALCIUM BY SEA URCHIN 
EGGS. I. ENTRANCE OF Ca* INTO UNFERTILIZED 
EGG CYTOPLASM! 


SIDNEY C. HSIAO AND HOWARD BOROUGHS 


Department of Zoology, University of Hawati and 
Hawaii Marine Laboratory, Honolulu, T. H. 


In studying the physiology of calcium accumulation of sea urchin eggs and its 
ultimate utilization in the formation of the calcareous skeleton, the use of radio- 
active calcium as a tracer offers many advantages. But a search of the literature 
on the uptake of radiocalcium by sea urchin eggs revealed only one report which 
was a study using an indirect method (Rudenberg, 1953). In his study of the 
role of the jelly coat in the uptake of calcium by the eggs of Arbacia punctulata 
Rudenberg observed the radioactivity present in his samples by a Geiger tube 
placed above the incubation medium. He concluded that Ca*® was accumulated 
only by eggs with jelly coats and for up to six hours after fertilization. About six 
hours after fertilization a loss of calcium from the eggs was noted. But eggs with- 
out jelly coats showed no uptake and no loss of calcium. In the present study, 
experiments have been designed to give more direct answers to the following series 
of questions: (1) Will sea urchin eggs, with and without jelly coats, take up radio- 
calcium from the medium? (2) If either or both types of eggs take up radiocalcium 
from the medium, are the Ca*® ions simply adsorbed on the surface or can they be 
demonstrated in the egg cytoplasm? (3) If there is an uptake of radiocalcium, 
is it due to a net accumulation of calcium or simply to an exchange of Ca*® with 
stable Ca*®? 


MATERIALS AND METHODS 


Mature, unfertilized eggs of Tripneustes gratilla (Linnaeus), a large, common 
species of sea urchin in Hawaiian waters, were used. Freshly collected females 
were induced to shed their eggs by the KCI injection method (Tyler, 1949). One 
female could provide 30-50 ml. of eggs, more than enough for a whole series of 
experiments. The eggs were strained through bolting cloth or several layers of 
cheesecloth to remove extraneous matter, and washed with filtered sea water with 
the help of gentle centrifugation before use in the following experiments. 

(1) Comparison of Ca** uptake by intact eggs and by eggs without jelly coats. 
To compare the time course of the uptake of radiocalcium by these two types of eggs, 
a freshly washed batch of eggs from one female was divided into two approximately 
equal aliquots. One aliquot was treated with HCl to remove the jelly coats by 
the method of Harvey (1941). A stock Ca*® solution with an activity of 5 ywc/ml. 
was made by dilution of Oak Ridge Ca**Cl, solution having a specific activity of 
73.81 me/g. with an appropriate quantity of filtered normal sea water. One-half 
ml. of a 1:10 suspension of eggs with jelly coats removed was put into a 50-ml. 


1 Contribution no. 100 from Hawaii Marine Laboratory, University of Hawaii. 
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beaker already containing 4 ml. of filtered sea water. One-half ml. of the stock 
Ca*® solution was then added, giving a final volume of 5 ml. and a Ca*® concentra- 
tion of 0.5 wc/ml. Twelve beakers were similarly prepared. The content of the 
first to the twelfth beaker was incubated at room temperature (24—-27° C.) with 
occasional stirring according to the following schedule: 


Beaker No. 1 2 3 4 5 6 7 8 9 10 11 12 


Incubation time in 
minutes 0 1 >. 3 16 32 64 128 256 512 1024 


At the end of the specified time of incubation, the content of each beaker was 
centrifuged to separate the eggs from the incubation medium. As it took two 
minutes to effect this separation, the actual time of contact between the eggs and 
Ca*® varied from 2 to 1026 minutes. 

A 0.5-ml. aliquot of the supernatant medium after each time interval was trans- 
ferred to an aluminum planchette, dried and counted with a thin window (1.4 
mg. cm*) Geiger tube and a commercial scaler. All samples were prepared in 
triplicate. Dose planchettes were made of the incubation medium without eggs 
by diluting it ten-fold and triplicate of 0.5-ml. volume used for counting. A con- 
venient aliquot of the incubated eggs from each time interval was transferred from 
the centrifuge tube, spread on a weighed planchette, dried to constant weight and 
the activity of the eggs counted in the same way as the medium. After correction 
for background and for self-absorption the counts were expressed in counts per 
minute per mg. dry weight. A similar series was run using eggs with jelly coats 
intact. These two experiments were repeated, but the incubated eggs were washed 
in normal filtered sea water before being counted for Ca*® activity. As a control, 
eggs from the same female were incubated in normal filtered sea water and prepared 
and counted in a similar manner. 

(2) Removal of Ca*® from eggs. In order to ascertain whether the activity of 
eggs incubated in radiocalcium-containing sea water could be removed from the 
egg surface, radioactive eggs, with and without jelly coats, were washed with (a) 
sea water, (b) a 0.02 per cent V/V solution in sea water of a commercial surface 
active wetting agent, ‘“Sterox SK” (supplied by Monsanto Chemical Co.), and 
(c) a 0.05 per cent W/V solution in sea water of a commercial detergent “Tide,” 
manufactured by Procter and Gamble Co. Samples of eggs without jelly coats 
and of intact eggs were washed separately by re-suspending the radioactive eggs 
in 10 ml. of the washing fluid in a centrifuge tube, and stirring them gently for 
5 minutes. At the end of 5 minutes a 0.5-ml. aliquot of the well-mixed egg sus- 
pension was transferred to a second tube, centrifuged to remove the washing liquid 
from the eggs which were then spread on a planchette in order to measure egg 
radioactivity. The 9.5-ml. egg suspension in the original tube was centrifuged at 
a RCF of 2330 G to pack down the eggs. The sedimented eggs were completely 
drained by inverting the tube whose inside wall was wiped dry with absorbent 
tissue. The washing procedure was repeated five times with each sample of eggs. 

(3) Autoradiography of eggs. Intact eggs and eggs without jelly coats were 
made radioactive by incubating them in sea water containing Ca*®. They were 
fixed separately with neutral formalin, dehydrated by direct transfer into dioxane 
(diethylene dioxide) which was changed once. Infiltration was made with two 
changes of paraffin. Sections of eggs 5 or 10 microns thick were mounted on slides 





198 SIDNEY C. HSIAO AND HOWARD BOROUGHS 


from some of which the paraffin was removed by xylene, and the remaining ma- 
terial coated with a thin veneer of gelatin and autoradiographs made on Kodak 
medical (No Screen) x-ray films. Other sections were treated by Townsley’s 
method (personal communication). In this method, which is similar to that 
worked out by Bélanger and Leblond (1946), the paraffin sections were floated on 
slides previously coated with gelatin (Kodak photographic inactive gelatin, 0.5% 
and chrome alum, 0.05% solution) and allowed to attach by drying. After dis- 
solving the paraffin in xylene the sections were run down through grades of alcohol 
to double glass-distilled water. The slides were next coated with Ilford nuclear 
research emulsion, type G.5, which was warmed to 38° C., thinned with a little 
distilled water and applied in a very thin layer with an artist’s brush. The coated 
slides were dried under an electric fan and placed in a slide box made light proof 
by being wrapped in aluminum foil and black paper. Exposure of the emulsion 
to the 8-radiation from egg sections was completed in a refrigerator and later de- 
veloped photographically. Examination of the autoradiographs was made with 
both light and phase contrast microscopes. 

(4) Total calcium determination. The total calcium content of ordinary and 
radiocalcium-containing eggs was estimated after the eggs were dried to constant 
weight. Aliquots of the dried specimens were wet-ashed by the method of Norris 
and Lawrence (1953). The egg calcium was precipitated with ammonium oxalate 
according to Holth’s (1949) recommendation to exclude magnesium. The pre- 
cipitated calcium oxalate was quantitatively estimated by flame spectrophotometry 
with a Beckman model DU spectrophotometer according to the method published 
in “Application Data for Beckman Instruments” by the manufacturer. A series of 
eggs having various radioactivities, from zero to 686 cpm per mg. dry weight, was 
used for analysis. 


RESULTS 


When exposed to Ca** in the medium eggs with and without jelly coats showed 
high rates of radiocalcium uptake during the first few minutes. After this initial 
phase the quantity of Ca*® taken up by the eggs increased with the increased time 
of incubation. Figure 1 represents the results of a typical experiment. Three things 
are shown by this figure: (1) unfertilized eggs, with and without jelly coats, took 
up radiocalcium; (2) unfertilized eggs without jelly coats took up more radio- 
calcium than intact eggs when both were treated similarly, as shown by the heights 
of curves A and C in contrast to those of curves B and D of this figure. This was 
true throughout the whole time course at all the different time intervals of incuba- 
tion used. (3) When the eggs were washed with filtered sea water after incuba- 
tion and before being placed on the planchettes for counting, both types of eggs 
retained Ca**, but the activity due to Ca*® retained by eggs without jelly coats was 
much higher than that of intact eggs, as shown by curves C and D. Eggs from 
the same female but incubated in normal sea water as control showed no radioac- 
tivity at all. 

Table I shows the results of washing the treated eggs in order to see if the 
Ca*® taken up by the two types of unfertilized eggs can be removed, assuming that 
the radiocalcium ions are on the surface of the jelly or in the jelly coats in the case 
of intact eggs, and on the surface of the vitelline membrane in the case of eggs 
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Figure 1. Radiocalcium uptake by sea urchin eggs with and without jelly coats for 
different periods of incubation. 


without jelly. It will be seen from this table that eggs without jelly coats had 
approximately 1.5 times as much activity as intact eggs. Intact eggs washed once 
with detergent for five minutes lost about 80 per cent of the original radioactivity. 
On the other hand, eggs without jelly similarly treated lost only about half of the 
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original activity. After the fourth wash the washing fluid showed practically no 
activity, indicating that a surface active agent could not remove any more Ca*® 
from these eggs. But it will be noticed from Figure 2 that in washing with the 
wetting agent “Sterox SK,” eggs without jelly coats consistently retained more 
radioactivity after each washing than did eggs with jelly coats. At the end of 
the fifth washing eggs without jelly coats retained 11 times as much activity as did 
similarly treated intact eggs, while the washing fluid showed no activity in either 
case. In washing with a solution of “Tide” (see Table I) about six times as 
much activity was retained by jelly-free eggs as by eggs with jelly coats. It was 
noticed during these washing experiments that the first washing of intact eggs 
removed all the jelly coats. 

That the activity remaining in the detergent washed eggs was due to Ca*® in 
the cytoplasm and not removable by surface active agents is shown by autoradio- 


TABLE | 


The loss of radiocalcium from eggs washed with detergents showing that eggs 
without jelly coats retained more Ca* than did intact eggs 


Egg 
activity, 
cpm 


Egg 
activity, 
cpm 


Washing Washing 
fluid No. 


Washing Washing 


Material fluid No 


Material 


Eggs with 
jelly coats 
intact 


Eggs with 
jelly coats 
intact 


“Wetting 0 


agent” 

6 drops, 
sea water 
10 ml. 


‘*Tide”’ 
1% w/s 
solution 
0.5 ml, 
sea water 
9.5 ml. 


Ist 

2nd 
3rd 
4th 


499 
103 
34 
34 
33 


’ 


499 
121 
31 
173(?) 
46 


Eggs with- | 
out jelly 


Eggs with- 
out jelly 


“Wetting 
agent” 

6 drops, 
sea water 


10 ml. 


“Tide” 
1% w/v 
solution 
0.5 ml., 
sea water 
9.5 ml. 


736 
321 
137 
83 
80 
56 
736 
306 
199 
81 
82 


52 


graphs of sectioned eggs. In Figure 3 are shown photomicrographs of some of the 
autoradiographs. Figure 3A is a photomicrograph of an autoradiograph made 
by three whole unfertilized eggs on an Ilford emulsion. The dark regions around 
Figure 3B shows an auto- 
radiograph made on x-ray film by an intact egg incubated in Ca**-containing sea 
water. In this figure the outline of the jelly coat and the egg can be seen. Figure 
3C is a lower power photomicrograph made with a light microscope. In the center 
of this photomicrograph is a section of an untreated egg included among treated 
eggs whose sections show the presence of Ca*® inside the cytoplasm. Figures 3D- 
3F are photomicrographs made with a phase contrast microscope. In Figure 3D 
the egg membrane and cytoplasm are seen to contain radiocalcium. Figure 3E is 
a higher power photomicrograph of the autoradiograph of another group of eggs, 
while Figure 3F is a detailed view of a single section of a radioactive egg. 

The results of chemical estimation of total calcium content of eggs having taken 


these eggs show the presence of Ca*® in the jelly coats. 
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up various quantities of radiocalcium are shown in Figure 4. This figure shows 
that of the 15 groups of radioactive eggs analyzed, no group showed significantly 
different content of total calcium from the average value of all the groups, although 


the radioactivity of the highest group was about 340 times that of the lowest. It 
also shows that increase in Ca*® taken into the eggs was not followed by increase 
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Figure 2. Decrease in radiocalcium in sea urchin eggs after washing with 
detergent solution (Sterox SK). 


in total calcium. Total calcium fluctuated independently of the Ca*® content of 
the eggs about a mean value of 2.7 wg per mg. dry weight. The calcium content 
of ordinary, i.e., unincubated, eggs was not lower than that of radioactive eggs. 
This indicates that there is no calcium accumulation, but an exchange of ordinary 
Ca*® for radioactive Ca*® leaving the total calcium content more or less unaltered. 
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Figure 3. Photomicrographs showing Ca*®5 inside egg jelly and in sections of egg cyto- 
plasm. 3A, autoradiograph of three intact eggs showing Ca*® among the jelly coats, magni- 
fication 100 X. 3B, autoradiograph on Kodak x-ray film of one intact egg, magnification 150 X. 
3C, autoradiograph of 10. thick sections of eggs, magnification 37 x. 3D, phase contrast 
photomicrograph of similar egg sections, magnification 70 X. 3E similar to 3D, magnification 
140 <x. 3F, detailed picture of a single section of egg, magnification 140 » 
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Ficure 4. Total calcium content of ordinary and radioactive eggs showing no increase 
in total calcium with increase of Ca*> uptake. 


DIscUSSION 


The consistently greater amount of Ca*® taken up by eggs without jelly coats 
than that by intact eggs indicates that not only is jelly coat unnecessary for the 
uptake of radiocalcium, but it acts a hindrance to the entrance of these ions into 
the egg cytoplasm. As the total diameter of intact eggs, inclusive of jelly coat, 
measures 126-130 microns, and that of the vitellus about 82 microns, an ion on 
the surface of the jelly coat would theoretically have to travel 63-65 microns to 
reach the geometrical center of the egg, while in the case of eggs without jelly, an 
ion on the surface of the vitelline membrane would have to travel only a distance 
of 41 microns to reach the same point. It is hence not surprising that for an equal 
period of incubation in sea water containing radiocalcium, eggs without jelly could 
take up more Ca** than intact eggs. In other words, in eggs without jelly coats 
the Ca*® of the egg cytoplasm could be exchanged directly with the Ca*® in the 
incubation medium or on the vitelline surface. In intact eggs, the first place of 
Ca*® entry would be the jelly where the entering Ca*® could either exchange with 
the Ca*® of the jelly coats or continue to move into the vitellus. 

When eggs with jelly coats were washed with detergent, the first washing re- 
moved most, if not all, of the jelly. If these eggs were first made radioactive, 
approximately 80 per cent of the radioactivity came off with the jelly. This ob- 
servation suggests a possible explanation of the loss of calcium by fertilized Arbacia 
eggs after 6 hours incubation reported by Rudenberg (1953). As the intact radio- 
active eggs were shaken for 6 or more hours, a good deal of the jelly coats would 
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be detached which, when brought to the surface by stirring, would account for the 
reported increase in radioactivity in the surface layer of the incubation medium. 

Although the autoradiographs of sections of the radioactive eggs do not give 
the exact location of the Ca*® ions in the cytoplasm, because the denaturation of the 
egg protein by formaldehyde fixation and subsequent histological procedures applied 
to the eggs and their sections may have altered their positions, the fact that these 
histological treatments and photographic developments used in connection with 
Ilford emulsion film coatings did not remove them indicates that the Ca*® must be 
firmly attached to the organic compounds of the eggs. An approximate idea of the 
site of the uptaken Ca*® is provided by the autoradiographs. Further investigations 
are in progress to determine which fraction or fractions of the egg substance com- 
bined with the radiocalcium. 


SUMMARY AND CONCLUSIONS 


1. The entrance of radiocalcium into unfertilized eggs of Tripneustes gratilla 
(Linnaeus) has been investigated in this study. By direct measurements of the 
radioactivity of intact eggs and of eggs without jelly coats it was found that al- 
though both types of eggs took up Ca**, eggs without jelly coats took up much 
more than intact eggs. 

2. By washing with detergent both types of eggs made radioactive by incuba- 
tion in radiocalcium-containing sea water, it was found that jelly-free eggs retained 
11 times as much Ca*® as intact eggs when washed with a commercial wetting agent 
“Sterox SK,” and 6 times as much when washed with a dilute solution of “Tide.” 

3. It is concluded that jelly is not essential to the uptake of radiocalcium by 
sea urchin eggs and the presence of jelly coats reduces the amount of penetration 
into the egg cytoplasm. 

4. Autoradiographs of whole eggs showed the presence of Ca*® in the jelly 
coats if intact eggs were incubated in radiocalcium-containing sea water. Auto- 
radiographs of sections of both types of eggs showed that Ca*® was inside the egg 
cytoplasm. 

5. No significant difference in total calcium was found by chemical analysis of 
groups of eggs incubated for various periods of time in Ca**-containing sea water, 
i.e., made to take up varying amounts of radiocalcium. None of the groups showed 
significantly different contents of total calcium from that of ordinary unfertilized 
eggs. It is concluded that Ca*® enters the egg cytoplasm by exchange with Ca*® 
of the eggs. 
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A FUNGUS PARASITE IN OVA OF THE BARNACLE 
CHTHAMALUS FRAGILIS DENTICULATA 


T. W. JOHNSON, JR. 


Department of Botany, Duke University, Durham, North Carolina 


Species of fungi in marine animals are apparently not numerous, although some 
are very destructive parasites. Outstanding among the latter are /chthyosporidium 
hoferi (Plehn and Mulsow, 1911; Sproston, 1944) in herring, salmon, and flounder, 
and Dermocystidium marinum (Mackin et al., 1950; Ray and Chandler, 1955) in 
oysters. Among other reports of marine zoophagous fungi worthy of mention are: 
Cycloptericola marina in Cyclopterus lumpus (Apstein, 1910) ; Leptolegnia marina 
in the pea crab, Pinnotheres pisum (Atkins, 1929, 1954a) ; a saprolegniaceous and 
a pythiaceous fungus in the calcareous shells of molluscs (Bornet and Flahault, 
1889) ; Spongiophaga sp. in sponges (Galtsoff, 1940); three species of Nephro- 
myces in the ductless kidneys of various ascidians (Giard, 1888); a pink yeast 
(Torula) in oysters (Hunter, 1920) ; boring fungi in various shell-forming animals 
(Kolliker, 1860) ; two species of Thalassomyces in the decapod Pasiphaea (Nieza- 
bitowski, 1913) ; a marine Laboulbenia on Aepus robini (Picard, 1908) ; an Asco- 
mycete, Didymella conchae (Bonar, 1936) in mollusc shells (a marine lichen ac- 
cording to Santesson, 1939); Sirolpidium zoophthorum in lamellibranch larvae 
(Vishniac, 1955), and unnamed marine eccrinids in Panopeus herbstii and Emerita 
talpoida (Wolf and Wolf, 1947). A very few species of fungi occur in the ova of 
marine invertebrates: Lagenidium callinectes (Couch, 1942) in the blue crab, 
Callinectes sapidus; Plectospira dubia and Pythium thalassium (Atkins, 1954b, 
1955) in the pea crab, and an unnamed fungus suggestive of Sirolpidium zooph- 
thorum and Plectospira dubia in the oyster drill, Urosalpinx cinerea (Ganaros, 
1957). Two fungi have been described from barnacles. The Ascomycete Phar- 
cidia marina (Santesson, 1939, places this organism in the lichen genus Artho- 
pyrenia) occurs on the shells of Balanus balanoides (Bommer, 1891); a second 
Ascomycete, Didymella balani (also renamed as a lichen) develops on the test of 
Chthamalus stellatus (Hariot, 1887). A new species of Phycomycete, Lagenidium 
chthamalophilum, parasitic in the ova of Chthamalus fragilis var. denticulata, is 
described in this paper. 


Lagenidium chthamalophilum sp. nov. 


Hyphae crassae, contortae vel irregulares, ramosae; intra- et extramatricales, 
vacuolis et guttulis multis, pallide flavae usque ad hyalinas; plerumque 10-18 ,» in 
diam. Sporangium ex septatione hyphae formatum, tubulo singulo apice dilato 
in vesicam sphaericam. Sporae reniformes, a latere biflagellatae, in vesica for- 
mantur et vesica deliquescente emittuntur. Odgonia rara; lateralia vel terminalia 
vel intercalaria sed semper in hyphis intramatricalibus; globosa vel subglobosa vel 
elongato-irregularia ; 19-47 » diam. Odsporae singulae, vel raro binae; sphaericae 
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(21-25 » diam.) usque ad ellipsoidales (18-27 x 16-23 »), guttulas centricas vel 
eccentricas includunt. Germinatio odsporarum adhuc incognita. Antheridia adhuc 
non observata. 

Hyphae stout, contorted or irregular, branched; filling the ova and emergent 
from them; generally reticulately vacuolate, with numerous minute cytoplasmic oil 
bodies, infrequently with very diffuse cytoplasm containing oil bodies ; pallid golden- 
yellow to hyaline ; occasionally constricted at points of penetration through the egg 
membrane ; variable in diameter, generally 10-18 »; occasionally producing globose, 
lateral swellings up to 39 » in diameter. Sporangia formed by segmentation of 
intramatrical hyphae, very rarely produced on extramatrical hyphae; variable in 
length, diameter coincident with that of hypha; each producing one stout emergent 
discharge tube expanded apically into a spherical vesicle. Planonts reniform, lat- 
erally biflagellate, 8.5-10.2 x 6.8-8.5 »; cleaved from sporangial protoplasm within 
the vesicle; aplerotic; discharged upon rapid deliquescence of vesicle. Odgonia 
rare; lateral, terminal, or intercalary on intramatrical hyphae; globose, subglobose, 
or slightly elongate-irregular ; 19-47 » in diameter. Odspores 1, rarely 2; spherical, 
blunt-conic, or nearly ellipsoid ; containing a single centric or eccentric mass of small 
oil globules; 18-27 x 16-23 yp, spherical ones 21-25 yw in diameter; germination 
unknown. Antheridia not observed. 

Parasitic in ova of Chthamalus fragilis denticulata, Beaufort Inlet, North Caro- 
lina, June 17, 1957 (TYPE), leg. J. D. Costlow. 

Chthamalus fragilis denticulata, common in the Beaufort, North Carolina region, 
is a small, pallid-brown to grayish-white, sessile barnacle attaching to pilings, rocks, 
sea walls, to other barnacles, and to the stems and leaves of Spartina alterniflora. 
The animal occurs only on the uppermost portions of pilings, for example, near the 
high water line. These barnacles, among the last to be covered by water at incom- 
ing tide, are submerged for the short slack high water period, and are the first 
to be exposed on ebb tide. Chthamalus fragilis denticulata occurs with, in fact 
often attaches to, a second equally abundant barnacle, Balanus amphitrite. The 
lamellae (egg cases) of C. fragilis denticulata are usually paired and lie free within 
the mantle. The larval planktonic stage, the nauplius, develops and is liberated 
within the parent barnacle. Uninfected eggs (in mass) change color as the em- 
bryo develops: bright orange-yellow, pallid yellow, pale cream. Infected lamellae, 
however, are often pallid gray or grayish-green. 

Lagenidium chthamalophilum may develop in the ova of Chthamalus fragilis 
denticulata at any time between late gastrulation and emergence of the nauplii. 
Released nauplii are apparently not infected, nor are there any somatic tissues of 
the parent animal invaded by the fungus. Ova showing three or more appendage 
buds are generally most often infected (Fig. 6). Early stage embryos (one or 
more appendage buds) in entire egg masses may be destroyed, leaving only a 
cluster of egg membranes filled with fungus mycelium (Figs. 1, 2). On the other 
hand, if lamellae with more mature or differentiated embryos within the egg mass 
become infected, some embryos escape invasion by the fungus and develop into 


Figures 1-9. Lagenidium chthamalophilum. 1, 2, hyphae within ova membrane; 3, early 
infection stage showing branching of hypha; 4, emergent hyphae with a sporangial and odgonial 


initial; 5, coiled extramatrical hypha; 6, infection by two spores of an embryo with three ap- 


pendage buds; 7, vacuolate extramatrical hypha; 8, guttulate extramatrical hypha; 9, intra- 
and extramatrical hyphae showing constrictions and two sporangial initials. 
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the planktonic stage. Infection visible in one or two peripheral ova in a lamella 
spreads rapidly through the entire cluster so that within two days (continual sub- 
mersion in raw sea water) all embryos are invaded. 

Inoculation is brought about by laterally biflagellate planonts. After a 10-15 
minute period of active swimming (in 50 ml. of raw, aerated sea water, at 25° C.) 
the spores settle on an ovum (Fig. 18a) without rounding up. Within three min- 
utes after attaching to the egg membrane, the spore protoplasm penetrates the 
membrane (Fig. 18b), enlarges rapidly into a foot-like hyphal rudiment (Fig. 18c), 
and grows along the embryo. Within 25 minutes after inoculation, infection has 
been established and the young hypha is developed (Fig. 6). Whether hyphae 
actually penetrate the embryo is not known; the dense, opaque embryonic host cells 
prevent direct observation, and a suitable technique for fixing and sectioning in- 
fected eggs has not been developed. 

The vegetative hyphae of Lagenidium chthamalophilum are very characteristic. 
Early in the incubation period, the hyphae become highly vacuolate, and generally 
maintain a reticulate vacuolation throughout development. Hyphae are charac- 
teristically “foamy” in appearance, suggestive of those of Monoblepharis. Emer- 
gent hyphae, similarly, are usually extremely vacuolate (Figs. 4, 7), but occasionally 
have very diffuse, strand-like cytoplasm (Fig. 8). In either case, the many minute 
refractive oil bodies in the cytoplasm give it a readily discernible golden-yellow 
cast. Emergent hyphae (other than the sporangial discharge tubes and vesicles) 
are not often observed in the lamellae immediately after dissection from the animal. 
Such hyphae form in abundance, and sporangial discharge occurs frequently, how- 
ever, when infected lamellae are placed in sterile sea water and incubated for 12-18 
hours at room temperature. Hyphae emerging from an ovum penetrate the mem- 
brane either with or without constriction (Figs. 2, 10). The extramatrical hyphae 
are generally stout and somewhat contorted, freely branched, and of a diameter 
coincident with that of the intramatrical hyphae. Occasionally, the emergent 
hyphae are very slender and coiled (Fig. 5), as in Pythium thalassium (Atkins, 
1955). Neither the intra- nor extramatrical hyphae are septate except where 
reproductive cells are delimited. 

Sporangia are formed by segmentation of the intramatrical hyphae almost ex- 
clusively. During formation of the delimiting septa, that portion of the hypha 
destined to become a sporangium accumulates protoplasm, and often has a few 
large vacuoles (Fig. 12). These vacuoles disappear prior to movement of the 
protoplasm into the apical vesicle. A stout discharge or exit tube (Fig. 11) de- 
velops from the cylindrical sporangium, penetrates the egg membrane (without 
constriction) and elongates. The apex of the exit tube enlarges to form, at first, 
a subglobose or slightly irregular swelling (Figs. 12, 20) containing very diffuse, 
vacuolated cytoplasm (Fig. 12). The bulbous discharge tube apex subsequently 
becomes perfectly spherical; it is completely formed before the sporangial content 
flows into the tube. The vesicle wall is cellulose as is the basal sporangium and 
vegetative hypha wall. 


Ficures 10-27. Lagenidium chthamalophilum. 10, infection in a pre-emergence embryo 
with eye spot; 11-17, stages in formation of vesicle and spores, and spore discharge (see text) ; 
18, germination and penetration of spore protoplast; 19, planonts; 20, sporangial discharge tube 
and immature vesicle; 21, immature odgonium; 22-27, mature o6gonia; Fig. 19, scale a, others, 
scale b. 
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Sporogenesis begins with movement of the sporangial protoplasm through the 
discharge tube and into the vesicle. Occasionally, the protoplasmic stream sepa- 
rates partially, leaving one or more fusiform masses connected to the main comple- 
ment by a slender strand (Fig. 13). The sporangial content and the cytoplasm of 
the tube aggregate into a slightly irregular mass centrally located in the vesicle 
(Fig. 14). Spores are cleaved out in the protoplasmic mass, appearing first as 
polygonal units, then as definite spherical or reniform cells (Figs. 15, 16). In no 
instances observed did the spores fill the vesicle. 

Spore discharge is initiated with a slow “shimmering” motion of the vesicular 
spore mass. The movement then becomes undulating and increases in rapidity 
until the spores are moving rapidly over and around one another in the center of 
the vesicle. For one or two minutes the spores are moving extremely rapidly. If 
such spores are killed with osmic acid fumes and stained with acid fuchsin or gen- 
tian violet, short, stubby flagella are visible on the peripheral spores. The vesicle 
deliquesces (Fig. 16) within 30 seconds, leaving the rapidly moving spores hanging 
together momentarily. One or two peripheral spores dart away, and subsequently, 
within a few seconds the spore mass breaks up to liberate rapidly but evenly swim- 
ming spores. The entire process, from migration of the undifferentiated proto- 
plasm to spore discharge, is completed within 20 minutes, in raw, aerated sea water 
at 25-27° C. 

Sexual reproductive cells are rarely produced in vivo. Short lateral branches 
with enlarged apices mature into oOgonia containing a single odspore (Fig. 27 
but odgonia may also develop as intercalary (Figs. 22, 26) or terminal (Figs. 2: 
25) hyphal segments. Intercalary or terminal o6gonia often contain two odspores. 
Whether antheridia are produced by L. chthamalophilum is not known ; hypogynous 
antheridial cells, certainly, are not in evidence. In a few instances, short hyphae 
were observed near oOgonia and in contact with them (Figs. 21, 27), but no 
antheridial cells were evident. These hyphal branches may be nonfunctional an- 
theridial branches ; if so, they are of monoclinous and androgynous origin (Johnson, 
1955, pp. 14, 15). Extramatrical hyphae do not produce sex cells. 

Attempts to culture Lagenidium chthamalophilum were successful. Spores ger- 
minated well on aged sea water agar, and on sea water agar fortified with 0.1% 
glucose and 0.05% yeast extract. Subsequent growth was very sparse, though 
extensive, and neither sexual nor asexual cells developed in culture. Very slender, 
sparingly branched, contorted, vacuolate hyphae are produced on the agar media. 

The parasite can, in my opinion, be assigned equally well to Pythium (Mid- 
dleton, 1943) or Lagenidium (see Sparrow, 1943) as these genera are presently 
understood and circumscribed. In both genera, planont maturation occurs, gen- 
erally, in an evanescent vesicle produced at the apex of a sporangium or sporangial 
discharge tube. In neither genus, however, is the vesicle pre-formed. This fact 
alone, were it to be considered significant at the generic level, would exclude the 
barnacle parasite from both genera. On the other hand, the evidence is stronger 
in favor of assigning the fungus to Lagenidium than to Pythium. The lagenidia- 
ceous features of the parasite are: the “foamy,” granular cytoplasmic content of 
the stout, branched hyphae; sporangial delimitation by hyphal segmentation, and 
oOspore formation by contraction of hyphal segment content. The nonseptate na- 
ture of the hyphae, of course, suggests Pythium rather than Lagenidium, although 
members of the latter genus having pythiaceous mycelium are known (Sparrow, 
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1943). The fungus in barnacle ova, while suggestive vegetatively of the Aphrag- 
mium type of Pythium, has a simplified sexual apparatus, that is, no well defined 
antheridium, and no periplasm in the odgonium. In the final analysis, assignment 
of the fungus to Lagenidium turns, I[ believe, on simplicity of the sexual structures. 

Two marine species of Lagenidium are known. Lagenidium sp. (Johnson, 
1957) produces sporangia formed by hyphal segmentation just as does L. chthama- 
lophilum, but the hyphae of the former are not stout and vacuolate, and the vesicle 
is not pre-formed. These two features also separate L. chthamalophilum from L. 
callinectes (Couch, 1942), parasitic in ova of Callinectes sapidus. Furthermore, 
L. callinectes has a persistent vesicle, the barnacle parasite does not. Lagenidium 
chthamalophilum differs in several significant respects from all other known species 
in the genus. The irregular, contorted, stout hyphae (with lateral lobulations) of 
L. entophytum (Pringsheim) Zopf suggests L. chthamalophilum, but other features 
separate the two immediately. Lagenidium closterti deWildeman produces an ex- 
tramatrical sporangial discharge tube, as in L. chthamalophilum ; the hyphae of the 
former are more delicate and the discharge tube is bulbous at the base. The 
pythiaceous hyphae of L. marchalianum deWildeman are very slender and markedly 
constricted; these differ significantly from the stout, vacuolate hyphae of L. 
chthamalophilum. The only other myceloid member of Lagenidium suggestive of 
the barnacle parasite is L. giganteum (Couch, 1935). Couch’s species, however, 
has segmented mycelium, and lacks a pre-formed vesicle. 

Vegetatively, Lagenidium chthamalophilum resembles Plectospira dubia ( Atkins, 
1954b), particularly in the stout, irregularly branched and swollen hyphae. In 
other characteristics, notably those of sporogenesis and discharge, these two fungi 
are obviously dissimilar. Pythium thalassium, parasitic in Pinnotheres pisum ova 
(Atkins, 1955), produces very stout hyphae resembling those of L. chthamalo- 
philum, but the Pythium has two major characteristics distinguishing it from the 
barnacle parasite: the sporangia of P. thalassium are filamentous and proliferate 
internally, and the hyphae are not highly vacuolate. 

The geographical distribution of Lagenidium chthamalophilum is not known, 
inasmuch as only host barnacles in the immediate vicinity of the Duke Marine Lab- 
oratory have been examined. Forty-four collections (totalling 1284 individuals) 
of Chthamalus fragilis denticulata were made within a five-mile radius of the Labo- 
ratory, including two series of collections on the outer banks of the Inlet region. 
The number of egg-bearing parent barnacles, and the number of infected lamellae 
in any one collection varied considerably. A sample series of ten collections, show- 
ing infection incidence, is given in Table I (each animal with paired lamellae). 
Occasionally, barnacles were collected in which only one egg mass was found. 
Twenty-one per cent of such masses were infected. It should be noted that some 
infected lamellae may have been overlooked, especially if they had been inoculated 
shortly before the animals were collected. For example, in eight dissections out 
of twenty-nine, visually uninfected ova masses showed infection after three days 
in storage in sterile, filtered sea water. Thirty-four per cent of all examined C. 
fragilis denticulata lamellae (1016 individual cases) were infected. Percentages 
of infection are based on hosts collected from pilings and mooring stakes. The 
same species of barnacle occurring on Spartina alterniflora showed some infection, 
but only infrequently. Only 3 of 86 barnacles (with one or two lamellae) from 
Spartina were invaded by the Lagenidium. 
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A replicated experiment was performed to determine whether Lagenidium 
chthamalophilum is actively parasitic in ova of Chthamalus, or is an invader of 
moribund eggs. Egg masses were dissected from the barnacles with sterilized 
needles, examined immediately with a dissecting microscope, and separated into 
two lots, infected and uninfected. As each lamella was removed, it was placed in 
a drop of sterile sea water to eliminate inadvertent inoculation in handling infected 
and uninfected eggs. The obviously parasitized egg masses were easily detected 
with the dissecting microscope. Infected lamellae were placed in small Petri plates, 
covered with sterile sea water, and incubated overnight. This short period of in- 
cubation induced sporulation. The uninfected lamellae were kept in pairs, as they 
were dissected from the parent animal, and incubated for 12-24 hours in drops of 
sterile sea water on slides in damp chambers. The masses were then examined ; 
if no infection was visible, one lamella of the pair was placed in the dish with the 
sporulating fungus, the other lamella (from the same animal) in a separate Petri 
plate of sterile sea water, and utilized as the control. No specific stages of embryo 


TABLE | 


Incidence and percentage infection of Chthamalus fragilis denticulata lamellae 
by Lagenidium chthamalophilum 


No. animals No. animals No. of No. infected Percentage 
in sample with ova lamellae lamellae infection 


41 28 8 28. 
34 d 62 42 67. 
15 ; 30 28 93.: 
13 24 | 16 66. 
43 74 54 72. 
22 E 6 6 100.0 
11 12 2 16. 
41 80 62 77.5 
65 98 84 85. 
23 16 2 1 


development were selected for the tests. The plates were incubated at room tem- 
perature, and examined at 1, 3, and 5 days. Some plates containing a parasitized 
and nonparasitized egg mass were discarded when the control lamella (one of the 
uninfected pair) showed signs of the fungus. 

No infection was visible in the “uninfected” egg cases by the end of 24 hours. 
At 72 hours, however, all naturally uninfected lamellae had been invaded by Lage- 
nidium chthamalophilum. Two controls showed infection, and three lamellae in 
the dishes with the fungus had matured into nauplii; these plates were discarded. 
In sea water, in the laboratory, visible infection develops between 24 and 72 hours; 
inoculation, presumably, may occur during the first 24-hour period. Under nat- 
ural conditions, inoculation must occur (since the “inoculum” is a motile spore) 
during the short periods (twice in approximately 24 hours) that the opercula of 
the barnacle are open while the animal is submerged at high tides. This period of 
time varies roughly—during the neap tide periods, at least—between 45 and 90 
minutes, diurnally, for those individuals highest on the substratum. It is true that 
an exposed, closed animal retains sufficient water within the mantle to enable the 
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planonts of the fungus to swim about and presumably cause infection. This seems 
a less likely time for infection to occur, however, since tests show that heavily 
fouled, oxygen-depleted sea water has a retarding effect on spore discharge and 
movement. 

The close natural association of Chthamalus fragilis denticulata and Balanus 
amphitrite prompted a replicated series of artificial inoculations using infected 
lamellae from C. fragilis denticulata and uninfected masses from B. amphitrite. 
Lamellae were dissected and incubated in the manner described previously. Forty- 
three attempts at inducing infection in B. amphitrite ova were made. No infection 
in B. amphitrite eggs was evident at the end of 21 days, although the infected ova 
of C. fragilis denticulata were completely destroyed at the end of the three-week 
incubation period. While some lamellae of B. amphitrite were actually inoculated 
with planonts of the Lagenidium (visual inspection of individual ova), these spores 
did not germinate, or, if they germinated, did not penetrate the egg membrane. 
Many B. amphitrite egg masses were examined from animals collected in the same 
localities as C. fragilis denticulata, but none was infected. Dr. J. D. Costlow has 
never observed infection in the lamellae of B. amphitrite, although he has used ova 
from this species in extensive studies on larval development. These observations, 
in view of the proximity of B. amphitrite and C. fragilis denticulata in natural 
habitats, suggest the hypothesis that the ova of the former are, if not immune, 
certainly highly resistant to L. chthamalophilum. 

The importance of Lagenidium chthamalophilum in reducing Chthamalus fragilis 
denticulata populations cannot be judged from this preliminary investigation. Cer- 
tain further studies on the fungus and its host, however, may be of significance in 
elucidating the effect of the fungus. Significant among these studies are: distri- 
bution and severity of infection; conditions favorable to establishment and spread 
of infection; the period, in the reproductive cycle of the host, at which the animal 
is most susceptible; any fluctuations (and causes thereof) in percentage of infec- 
tion, and a search for other suscepts. 


The support of the National Science Foundation, through Grant G-2324, is 
gratefully acknowledged. I am indebted to Dr. J. D. Costlow, Duke University 
Marine Laboratory, for technical guidance in the zoological aspects, and to several 
of my colleagues for opinions and criticisms of the mycological portions of the 
investigation. Mr. Thomas M. Simkins, Jr., Duke University Library, very kindly 
prepared the Latin diagnosis. 


SUMMARY 


1. Lagenidium chthamalophilum is described as a parasite of the ova of Chthama- 
lus fragilis denticulata. The pathogen is characterized by the formation of a 
vesicle before sporangial protoplasm migration, and by highly vacuolate, stout 
vegetative hyphae. In these features, L. chthamalophilum differs from the usual 
interpretation of members of the genus. The fungus is compared with other Phyco- 
mycetes known to parasitize crustacean ova. 

2. Artificial inoculation experiments show L. chthamalophilum to be specific 
for C. fragilis denticulata. The associated barnacle, Balanus amphitrite, is resistant 
to the fungus. 
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THE EFFECT OF X-RAYS, IRRADIATED SEA WATER, 
AND OXIDIZING AGENTS ON THE RATE OF 
ATTACHMENT OF BUGULA LARVAE? 
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St. Ambrose College, Davenport, Iowa, and the 
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Few observations concerning the effects of ionizing radiations have been made 
on bryozoan tissues. Oka (1954) x-rayed various regions of the fresh-water 
bryozoan, Lophopodella carteri, and noted that the more active embryonic tissues 
had greater radiosensitivity than other parts. But no observations known to the 
writer have been reported concerning the effects of x-radiation on the attachment 
and metamorphosis of bryozoan larvae. 

It is well known that some of the biological effects of ionizing radiations have 
been attributed to the production of H,O, or organic peroxides when aqueous solu- 
tions are x-rayed (Evans, 1947; Barron et al., 1949; Kimball and Gaither, 1952). 
Barron and his co-workers found that both irradiated sea water and hydrogen 
peroxide inhibited oxygen uptake in sea urchin sperm; but the latter had two op- 
posite effects, increasing respiration at great dilution and inhibiting oxygen uptake 
in higher concentration. Furthermore, Blum (1941, p. 96) has emphasized the 
probability that the effects of certain photodynamic dyes may be mediated through 
the production of H,O,. Since some of the basic dyes had been found to be potent 
inductors of attachment and metamorphosis of Bugula larvae when sea water solu- 
tions of these dyes were exposed to light (Lynch, 1955a), it was of interest to de- 
termine whether x-rays and hydrogen peroxide would have any effect on setting. 
If ionizing radiations were found to affect the rate of attachment of the larvae, the 
problem of determining whether the action of these rays was a direct or an indirect 
one would naturally arise. After x-raying the larvae proved to have a positive 
effect on the rate of setting, it was decided to employ sea water seeded immediately 
after being x-rayed with non-irradiated larvae. The results of these experiments 
led to an investigation of the possible effects of adding H,O, to sea water and finally 
to observations on the action of two other oxidizing agents, sodium 2,6-dichloro- 
benzenoneindophenol and 2,3,5-triphenyltetrazolium chloride, on the attachment and 
metamorphosis of Bugula larvae. 


MATERIALS AND METHODS 


Each experiment on the effects of radiation involved three dishes: the first con- 
tained larvae x-rayed in filtered sea water; the second contained sea water that 
was seeded immediately after being x-rayed with non-irradiated larvae, and the 


1 This investigation was aided by a grant from the National Science Foundation, NSF 
1728, and by a scholarship given by the Marine Biological Laboratory, Woods Hole, Massa- 
chusetts. The writer is grateful to Dr. Albert Kind for supplying some of the oxidizing agents 
used for these observations. 
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third had control larvae in their natural medium. For these experiments plastic 
containers 7 cm. in diameter and 1.6 cm. high were employed. Each dish con- 
tained 30 ml. of sea water and was covered with a plastic top; all three containers 
were kept close together on a table and were wrapped with paper towels until the 
time of counting. Light was excluded to delay the decomposition of any photo- 
labile by-products, especially peroxides, that might be formed by irradiation. 

The x-ray data are as follows: the machine operates on 182 kv. pk. and 25 ma. 
with an equivalent filtration of 0.2 mm. of copper. During the summer of 1956, 
when larvae of B. turrita were employed, the output of the tubes (position A) was 
4724 r per minute and the organisms were irradiated for three minutes and twenty 
seconds to give a total of 15,733 r. During the previous summer the x-ray dosage 
for larvae of B. flabellata was 18,333 r and the organisms were also irradiated for 
three minutes and twenty seconds at 5500 r per minute. The tubes were water- 
cooled and an electric fan was directed upon them. Since the temperature was 
found to rise only a fraction of a degree, the irradiated material was not cooled by 
an ice chamber. 

Sea water solutions of the three oxidizing agents were made in the following 
concentrations found to be most effective: 1:14,000 parts by volume of 30% H,O, 
(7 x 10* M), 1 x 10° M 2,3,5-triphenyltetrazolium chloride (TTC) and 0.01 mg. 
of sodium 2,6-dichlorobenzenoneindophenol (SDBI) per liter (3.4 x 10° M). 
The pH was that of natural sea water. Stender dishes 6 cm. in diameter contain- 
ing 30 ml. of solution were seeded with larvae and covered with glass lids. The 
controls were placed in the same amount of sea water in similar containers and kept 
as near as possible to the experimental dishes. In the experiments with H,O, 


both experimental and control dishes were shielded from light by wrapping them 
in paper towels. The others were exposed to diffuse daylight coming from a win- 
dow about three feet from the region where the Stender dishes were placed. 


RESULTS 


I. X-rays and irradiated sea water 


Table I shows that x-raying larvae of B. flabellata induced more rapid setting 
than that which occurred in the controls, the ¢ ratio for the difference of the two 
groups being 5.12 (P = .005). For these experiments the number of attached 
organisms was counted thirty minutes after irradiation with 18,333 r. The three 
experiments in which larvae were placed in sea water immediately after it had 
been irradiated suggest that the accelerated rate of attachment is an indirect effect 
presumably caused by the action of ionizing radiations on sea water. 

Table II gives more convincing evidence of an indirect effect of ionizing radia- 
tions. For these experiments larvae of B. turrita were irradiated with 15,733 r 
and the number of attached organisms was counted at the end of eight hours. The 
time of irradiation was the same for both groups of larvae, but it was found that 
the output of the x-ray tubes had dropped during the course of a year when the 
machine was calibrated towards the end of the period of experimentation. A\l- 
though the rate of attachment of the larvae of both B. flabellata and B. turrita was 
accelerated either by x-raying the larvae or by seeding them in irradiated sea water, 
the time at which the effects could be detected differed considerably. Larvae of 
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B. turrita showed no notable acceleration of the rate of attachment by thirty min- 
utes after either being x-rayed or being placed in irradiated sea water, but by eight 
hours there were always more attached organisms in the experimental dishes than 
in the controls. The ¢ ratio for counts made at this time indicates a significant 
difference in the mean number of attached organisms in the experimental and con- 
trol dishes, being 6.64 (P = .001) for irradiated larvae and 4.09 (P = .005) for 
organisms seeded in irradiated sea water. It does not appear that the difference 
in the rate of setting of B. flabellata and B. turrita can be ascribed to the lower x-ray 
dosage of the latter, for 20,000 r did not produce effects appreciably different from 
those which followed irradiation with 15,733 r. After studying the effects of vari- 
ous agents on both types of larvae, one gains the general impression that it is both 


TABLE I 


The effects of x-rays (18,333 r) and of irradiated sea water on the rate of attachment of larvae of 
B. flabellata. The larvae were irradiated thirty minutes after the adult colonies had been 
exposed to light and the irradiated sea water was seeded with larvae at the same time. 

The number of attached organisms in the three groups (x-rayed larvae, larvae in 
trradiated sea water and those in natural sea water) was counted 
thirty minutes later 











X-rayed larvae | Larvae in irradiated sea water Control larvae 


No. of | No. of No. Per cent No. of No. Per cent No. of No. | Per cent 
exp. larvae attached | attached larvae attached | attached larvae attached | attached 


104 87 | 84 87 85 98 100 
214 | 207 | 97 66 63 | 95 63 

46 44 | (96 | 190 | 99 | 145 
130 | 143 | 95 | 349 
248 | 242 | 98 | 247 
340 | 330 | 97 257 
170 | 158 | 93 167 
ist | 141 | 93 | 94 


Average percent 94+ 4 








1 
2 
3 
4 
5 
6 
7 
8 








The ¢ ratio for the significance of the difference of the means of the x-rayed and control larvae 
= 5.12; P = <.005. The ¢ ratio was computed from percentages carried out to one decimal 
point (not the rounded percentages shown in columns 4 and 10). 


more difficult to induce metamorphosis and easier to inhibit fixation in larvae of 
B. turrita than in those of B. flabellata. These differences may be correlated with 
the longer natatory period of B. turrita in natural sea water. It is difficult to 
determine, however, whether these differences are actually specific or whether they 
can be attributed to altered environmental conditions that prevailed during the two 
summers when each type was used almost exclusively. 

Although either x-raying larvae of B. turrita or seeding them in irradiated sea 
water induced more rapid attachment of the organisms, subsequent development was 
seriously impeded. Frequently larvae that had been x-rayed failed to develop after 
attachment. In other cases undifferentiated growth occurred at a much retarded 
rate. Instead of forming normal zoids, the larvae merely developed elongated 
masses of clear, gelatinous, stolon-like material without any internal organization. 
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Usually these growths formed at opposite sides of the body of the larva. One 
growth evidently corresponded to the stolon for attachment of the organism and 
the other developed in the region where the body of a normal zoid usually forms. 
Both growths were abnormally long and slender. The material corresponding to 
the stolon of a normal zoid rarely differentiated into the four knob-like projections, 
symmetrically placed and each branching dichotomously, which are characteristic 
of stolons of B. turrita. (Stolons of B. flabellata have three rather than four parts.) 
The material which grew out from the region where the zooecium normally forms 
did not differentiate into a gut and tentacles. 


TABLE II 


The effect of x-rays (15,733 r) and of irradiated sea water on the rate of attachment of larvae of 
B. turrita. The larvae were irradiated thirty minutes after the adult colonies had been 
exposed to light and the irradiated sea water was seeded with larvae at the same 
time. The number of attached organisms in the three groups (x-rayed 
larvae, larvae in irradiated sea water and those in natural sea 
water) was counted eight hours later 
Temp. = 24-26° C. 

X-rayed larvae | Larvae in irradiated sea water 


No. of | No. of No. Per cent No. of | No. Per cent No. of No. Per cent 


exp. larvae attached | attached larvae | attached | attached larvae | attached | attached 





102 100 | 99 75 | 65 | 87 S| 2 | 8 
60 56 93 | 194 192 99 48 38 | 79 
26 23 | 88 | 140 | 130 - + "Rs } at #2 
41 35 85 | 102 101 | 99 46 | 28 | 6! 
is | 14 93 56 | 48 | 86 26 | 16 62 
45 | 36 | 80 | 131 6o@i| Bigsis| @ 
32 | 28 | 88 | 180 | 154 | 85 28 | 20 71 
57 43 75 96 65 88 | 47 19 40 
49 43 | 88 78 69 | 88 50 | 20 40 
24 | +21 | 88 20 10 | SO zm | 8 68 
45 | 40 89 23 a | a ee 22 40 
so | 45 | 90 24 9 | 7 | 41 29 71 


Average per cent 88 + 6 81 + 16 54 + 16 


1 
2 
3 
+ 
5 
6 
7 
8 
9 


The ¢ ratio for the significance of the difference of the means of the x-rayed and control larvae 
= 6.64; P = <.001. The ¢ ratio for larvae in irradiated sea water vs. the controls = 4.09; 
P = .005. The? ratios were computed by using the rounded percentages in columns 4, 7, and 10. 


Larvae that attached in irradiated sea water developed similar undifferentiated 
growths. These zoids, however, elongated more than those formed from larvae 
that had been x-rayed. In fact, growth sometimes exceeded that of the controls, 
but the transparent gelatinous material, often peculiarly twisted, lacked internal 
organization. Larvae that attached to the surface film sometimes developed normal 
stolons. Those that attached to the bottom frequently formed long slender stolons, 
about three times normal length, with a spherical mass in the region where they 
were attached to the substrate; and some were attached by two stolons. A few 
developed a bud in the zooecial wall for a second zoid. But even when the original 
irradiated sea water had been replaced several times by fresh sea water, the growth 
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corresponding to the zooecium failed to differentiate a gut and tentacles. Only a 
single larva formed a well-developed zoid with everted tentacles; and this differen- 
tiation occurred only after six days, whereas internal organization can readily be 
detected in a normal zoid by the end of forty-eight hours. Thus, a notable feature 
of larvae that were either x-rayed or placed in irradiated sea water was growth 
without differentiation ; and the development of x-rayed larvae was more drastically 
impeded than that of organisms seeded in irradiated sea water. 

These observations seem to be reasonably consistent. Nevertheless, it would 
be premature to ascribe the failure of the zoids to differentiate in a normal manner 
solely to ionizing radiations. X-raying the larvae not only markedly reduces 
their motility but also causes them to settle on the bottom of the container, and 
larvae which attach geopositively usually do not develop as well as those which 
affix themselves to the surface film. Factors affecting larval differentiation are at 
present largely unknown. And judgments concerning degrees of growth are more 
subjective than those based on numerical data. In an almost unexplored field of 
larval differentiation, experimental designs that appear to have only one variable 
may be deceptive unless similar replications can be obtained during two different 
summers and with more than one species. Since the chief purpose of the experi- 
ments was to determine the effects of x-rays and irradiated sea water on the 
attachment of the larvae, it would be inadvisable to draw definitive conclusions 
concerning the influence of these agents on development until further observations 
have been made. 

A few experiments were performed to determine what role the surface of the 
plastic containers might play in attachment of the larvae. Both x-rayed larvae 
and organisms irradiated in sea water were emptied from the plastic containers 
into Stender dishes and the latter were also used for the controls. Although the 
larvae attached somewhat less readily in the Stender dishes, there was more rapid 
fixation of both x-rayed larvae and those in irradiated sea water than in the con- 
trols. It is not unlikely that some of the great variability in the time of attach- 
ment of the controls, always a puzzling situation that occurs yearly in almost every 
experiment, can be attributed to differences in roughness of the various Stender 
dishes used. The temperature of the water in which the adult colonies are kept 
also seems to cause variability in the time of setting (cf. Lynch, 1955b). 


II. Oxidizing agents 


One of the problems encountered in determining the possible effects of oxidiz- 
ing agents on the rate of fixation of the larvae was that of getting solutions dilute 
enough to prevent cytolysis. Both strong and weak solutions greatly reduced 
the motility of the larvae. But in solutions that were too strong the larvae merely 
became immobilized on the bottoms of the containers without attaching themselves ; 
and these organisms eventually cytolyzed. With solutions that were weaker the 
time of counting was an important factor. If counts were made too soon, no ob- 
servable differences in control and experimental larvae could be detected. If 
counts were made too late, when the controls had metamorphosed in large num- 
bers, again no differences could be observed. After a wide variety of concentra- 
tions had been tested, the right dilution for inducing attachment was eventually 
found. 
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Hydrogen peroxide. Table III shows that by twenty-one hours the number 
of attached larvae (Bugula turrita) in sea water containing 1:14,000 parts of 30% 
H,O, was significantly greater than that of the controls (P = .001). Since there 
were no notable differences in the number of attached organisms in the control and 
experimental dishes by twelve hours, H,O, had a delayed action in inducing fixa- 
tion, somewhat similar to that observed after one-minute exposures of bryozoan 
larvae to urea (Lynch, 1957). The cause of this delayed action is unknown. 

Zoids formed from larvae exposed to sea water containing H,O, resembled 
those in irradiated sea water. Elongation sometimes exceeded that of the controls, 
but the zoids were usually misshapen. The larvae generally attached in greater 
numbers to the surface film than to the bottoms of the containers and the majority 


TaBLe III 


The effects of 30% H:2O2 (1:14,000 parts by volume = 0.0072 volume per cent) in sea water on 
the rate of attachment of larvae of B. turrita. The experimental and control solutions were 
seeded with larvae thirty minutes after the adult colonies had been exposed to light 
(except no. 1, which was seeded at fifty minutes). The number of attached 
organisms was counted twenty-one hours later. 

The pH was that of sea water 


Experimental larvae Control larvae 





| 
| 
| Per cent 
attached 


Per cent 


No. of larvae | No. attached attached 


No. of larvae No. attached 


28 28 100 23 12 52 
62 54 87 32 15 47 
35 34 97 72 38 53 
16 16 100 13 6 46 
31 31 100 17 11 65 
20 20 100 20 18 90 
37 36 97 43 20 46 
35 35 100 44 22 50 


Average per cent 98 +2 56 + 15 


1 
2 
3 
4 
5 
6 
7 
8 


The ¢ ratio for the significance of the difference of the means of experimental and control 
larvae (computed by using fractional percentages) = 7.07; P = <.001 


of these formed normal tetrapod stolons with dichotomous branches at their ends, 
but the zooecial region failed to differentiate internal organs. Geopositive larvae 
produced much gelatinous, stolon-like material without differentiation. None of 
the organisms observed during a period of a week developed tentacles, although 
these normally form by about forty-eight hours. Larvae of B. flabellata, observed 
during the previous summer, were less adversely affected than those of B. turrita. 
Although H,O, considerably reduced the motility of the larvae, it apparently was 
not excessively injurious to the cilia; otherwise the organisms would have dropped 
to the bottoms of the containers and remained there. 

The effects of TTC. Table IV shows that sea water solutions of TTC in con- 
centrations of 1 x 10°° M (pH = 7.9-8.0) also induced more rapid fixation of the 
experimental larvae (B. turrita) than that which occurred in the controls. In solu- 
tions of 5 x 10°° M the larvae attached more readily than in the weaker medium, 
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TABLE IV 


The effect of 0.00001 M 2,3,5-triphenyltetrazolium chloride in sea water (pH = 7.9-8.0) on the 
rate of attachment of larvae of B. turrita. Control and experimental dishes were seeded 
with larvae thirty minutes after the adult colonies had been exposed to light and 
the number of attached organisms in each group was counted 
at the end of eight hours 


Experimental larvae | Control larvae 





| 

| 
No. of exp. 

Per cent 


No. of larvae | No. attached | attached 


Ds s fo | Per cent 
No. of larvae No. attached attached 


17 52 
11 31 
8 30 


61 49 80 33 
36 24 67 35 
41 | 19 46 27 
55 
50 42 84 37 
30 26 87 56 38 68 
44 41 93 58 34 59 


Average per cent 74+ 15 46 + 16 


17 46 


| 
| 
35 64 23 | 8 35 





The ¢ ratio for the significance of the difference of the means of the control and experimental 
larvae (computed by using fractional percentages) = 3.47; P = .015 


but subsequent development was considerably retarded. If the Stender dishes were 
flooded with fresh sea water after the larvae had attached, growth took place at 
a markedly reduced rate after exposure to either concentration of TTC. Some 
of these organisms formed tentacles. Larvae left in the weaker of the two TTC 


TABLE V 


The effect of sodium 2, 6-dichlorobenzenoneindophenol in concentrations of 0.01 mg./liter of sea 
water (3.4 X 10-* M) on the rate of attachment of larvae of B. turrita. The experimental 
and control Stender dishes were seeded with larvae thirty minutes after the adult 
colonies had been exposed to light and the number of attached organisms 

was counted seven hours later. Temp. = 24-26° C. The pH of the 
experimental solution was that of sea water 


Experimental larvae Control larvae 


No. of exp. 


Per cent 
attached 


om No. of larvae | No. attached | 


| No. of larvae No. attached 
} 





56 50 89 42 24 57 
81 59 73 53 16 30 
64 31 48 35 11 31 
49 42 86 115 28 24 
82 46 56 97 55 57 

128 2 72 96 47 49 
82 : 65 197 132 67 

205 61 61 36 59 
58 76 64 34 53 
18 94 44 27 61 
Average per cent 72 + 15 49 + 17 











SM ONAN SEWN 


_ 


The ¢ ratio for the significance of the difference of the means of the experimental and control 
larvae (obtained by using rounded percentages in columns 4 and 7) = 3.08; P = .015. 
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solutions elongated slightly by twenty-four hours and these zoids resembled those 
in sea water containing H,O, insofar as there was an abnormal amount of gelatinous 
material without differentiation; organisms left in the stronger solution did not 
develop. Larvae that attached in solutions of 5 x 10°° M TTC became slightly 
pink, indicating a reduction of the solution; those in the weaker solution became 
faintly pink. Although TTC solutions exposed to air turned somewhat pink by 
eight hours, either with or without organisms in them, the larvae were always more 
deeply colored than the solutions. 

The effects of SDIB. This oxidizing agent, while inducing fixation of the 
larvae at a rate significantly higher than that of the controls (P = .015), as shown 
in Table V, was less injurious to the larvae than any of the other agents discussed 
in this paper. Larvae that were left in solutions of 0.01 mg./liter of sea water 
(pH = 7.9) generally developed normally but at a rate somewhat slower than 
the controls. A preponderance of settings occurred at the surface film, and these 
developed better than those on the bottom. Larvae that attached to the bottoms of 
the Stender dishes formed zoids without any differentiation by forty-eight hours. 
But development was variable in these solutions, sometimes equalling that of the 
controls and sometimes being inferior. 


III. Reducing agents 


A very limited number of preliminary experiments was carried out with two 
reducing agents, sodium bisulfite and sodium thiosulfate, to determine whether their 
action on attachment would be opposite to that of oxidants. But neither reducing 


agent prevented attachment. Sea water solutions of sodium thiosulfate as strong 
as 10 mg./liter and concentrations of sodium bisulfite of 0.0001 M, 0.001 M and 
0.005 M did not prevent attachment and metamorphosis. Nor did these solutions 
appear to have any inhibitory effects on the larvae. Although it seems unlikely 
that further experimentation with these solutions will show that they inhibit at- 
tachment, a greater variety of concentrations should be tested before a definitive 
conclusion can be reached concerning their action. 


DISCUSSION 


Since the action of x-rays in inducing fixation of Bugula larvae can be simu- 
lated by irradiated sea water, the effect on attachment appears to be an indirect 
one. Other instances of a similar indirect effect of ionizing radiations in living 
material have been reported in the literature. Barron and his co-workers, for 
instance, believed that the inhibiting effect of x-rayed sea water on the respiration 
of sea urchin sperm was attributable to stable organic peroxides formed during 
irradiation of the medium (Barron et al., 1949). Similarly, Wichterman and 
Figge (1954) found that when paramecia were x-rayed the lethality of the radiations 
was correlated with the extent of exposure to air of the culture medium. These 
investigators concluded that the lethal factor was probably H,O, or some other 
oxidation product formed in the moist air surrounding the culture fluid; their 
paper contains a brief review of the literature. The apparently indirect action of 
x-rays in inducing fixation of bryozoan larvae may offer a possible explanation of 
the seemingly strange observation of Bertholf and Mast (1944) that extracts of 
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muscle tissue from rabbits killed with x-rays had an accelerating effect on ascidian 
metamorphosis. 

The action of hydrogen peroxide and the other oxidizing agents discussed in 
this paper poses an interesting question concerning the effects of four other agents 
in inducing metamorphosis: copper, basic dyes, iodine and quinone (Lynch, 1949, 
1952, 1956, 1957). These substances are also inhibitors of the dehy drogenases, 
and the action of some of them can be reversed by cysteine (references for copper 
and iodine are given by Needham, 1950, p. 425; for quinone see White et al., 1954; 
and for basic dyes cf. Quastel and Wheatley, 1931). The difference in effect on 
attachment produced by cysteine on the one hand (Lynch, 1957) and by iodine, 
copper and the basic dyes on the other, might be an indication that the latter inac- 
tivate an enzyme system, such as succinic dehydrogenase, and that this inactivation 
abruptly ends larval life allowing the adult action system to gain control. Such a 
hypothesis has been proposed by Glaser and Anslow (1949) as a possible explana- 
tion of the action of copper in inducing metamorphosis in ascidian tadpoles; these 
investigators have suggested that copper may operate alternately as an electron 
donor or acceptor in the prosthetic group of some oxidizing enzyme, which they 
visualize as being a porphyrin-like ring compound. The data on bryozoan meta- 
morphosis do not preclude the possibility that oxidizing enzymes may be involved, 
but it seems unlikely that succinic dehydrogenase plays an important role in the 
fixation of Bugula larvae, for this enzyme is inhibited by urethane (White ef al., 
1954). If the effect were primarily on this enzyme system, one would expect 
urethane to act like quinone, copper, iodine and the basic dyes; but urethane in- 
hibits fixation, whereas the other four agents induce attachment (Lynch, 1957). 

The effect of these agents on succinic dehydrogenase in other organisms, how- 
ever, may give a clue concerning their action on the colloidal state of protoplasm. 
It has long been suspected that oxidizing and reducing agents play an important 
part in blood clotting (Matthews, 1936). And it has been suggested that the 
conversion of fibrinogen into fibrin involves an oxidation process. Chargaff and 
Bendich (1943) believe that this oxidation involves aminoacyl groups of proteins ; 
Baumberger (1941), on the other hand, considers that the oxidation of sulphydry! 
groups is of prime importance in the clotting mechanism. And the significance of 
certain reducing agents which inhibit the conversion of prothrombin into thrombin 
has been emphasized by Carter and Warner (1954). Recently Mazia and Dan 
(1952) have shown that the spindle fibers of cells undergoing mitosis can be iso- 
lated by creating artificial disulfide bonds when these cells are treated with H.O, 
(or iodine) before the rest of the cell content is solubilized by a detergent. These 
investigators believe that H,O, removes hydrogen from the sulphydryl groups of 
proteins and converts these substances into less soluble material by joining them 
together by —S—-S— bonds. Thus there appears to be a polymerization of smaller 
molecules through these disulfide bridges. Calcutt (1951), likewise, thinks that 
certain photodynamic dyes affect the exposed —SH groups of the protein molecule. 

The diversity of factors capable of inducing attachment of bryzoan larvae seems 
to indicate that these agents have a direct effect on the fluid of attachment. In 
many of the sessile organisms the cementing substance appears to be a mucoprotein 

Pyefinch and Downing, 1949), and Knight-Jones (1953) has found evidence 


that barnacles attach by means of a substance which he considered to be a quinone- 
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tanned protein, a compound similar to the material in the hardened cuticle of an 
insect. The action of x-rays in inducing fixation of Bugula larvae would not be 
out of harmony with the working hypothesis that attachment, when artificially in- 
duced, is brought about by agents which cause coagulation. Such a coagulating 
effect of x-rays has been reported for such varied types of protoplasm as sea urchin 
eggs (Rieser, 1955) and paramecia (Wichterman and Figge, 1954). On the 
other hand, irradiation of fibrinogen prolongs the clotting time (Rieser, 1956). 
The possibilities just discussed may form a link which would connect the effect of 
photodynamic dyes with that of x-rays, since both agents may release H,O, or 
organic peroxides (Blum, 1941, p. 96; Barron et al., 1949). It would be reason 
able to suspect that the action of both iodine and quinone would be similar to that 
of H,O.. 

The excellent development of zoids formed from larvae whose metamorphosis 
had been induced by treatment with sea water containing neutral red in parts of 
1:100,000 (Lynch, 1952) and the poor development of zoids in solutions of HO, 
may be attributed, perhaps, either to unrecognized extrinsic factors affecting the 
latter or to the higher concentration of HO, (1:14,000 parts). Experiments with 
concentrations of neutral red that were ten times stronger than those used for the 
observations previously reported showed that larvae in these media also failed to 
develop after attachment. 

SUMMARY 
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1. X-raying larvae of either B. flabellata (18,333 r) or B. turrita (15,733 r) 
within thirty minutes after the organisms began to emerge from the parental 
colonies induced more rapid setting than that which occurred in the controls 
(P = .005 and .001, respectively). Irradiated sea water had a similar, but slightly 
less pronounced, effect (P = .005). In these experiments the subsequent devel- 
opment of larvae of B. turrita into zoids was drastically impeded. Slow growth, 
usually without differentiation, was observed. 

2. Sea water solutions of H,O, (7 x 10°* M), of 2,3,5-triphenyltetrazolium 
chloride (1 x 10°° M) and of sodium 2,6-dichlorobenzenoneindophenol (3.4 x 
10-* M) at a pH of 7.8-8.0 also induced more rapid setting of the experimental 
larvae (P = .001, .015 and .015, respectively). The subsequent development of 


larvae exposed to H,O, and to 2,3,5-triphenyltetrazolium chloride resembled that 


of organisms that were either x-rayed or placed in irradiated sea water. Sodium 
2,6-dichlorobenzenoneindophenol was less injurious to the larvae than the other 
agents used. An explanation of the possible role of these agents in inducing an 
accelerated rate of setting is presented. 
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GASTRULAR BLOCKAGE IN FROGS’ EGGS 
PRODUCED BY OXYGEN POISONING! 
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Seldom do embryos stop developing without dying. Occasionally, however, 
maintenance becomes temporarily independent of gross morphological change as in 
the diapause of insects. Although non-reversible, this condition may be experi- 
mentally produced in amphibians by a few methods which result in highly uniform 
populations of arrested embryos which stay alive, that is, do not cytolyze for a rela- 
tively long time. Well-known among these techniques are CN™ or azide treat- 
ment (Spiegelman and Moog, 1945), and certain hybridizations (Moore, 1941; 
Brachet, 1944). In the late forties, however, Nelsen (1947, 1948, 1949, 1950) 
obtained a gastrular block in frogs’ eggs by using 3 atmospheres of oxygen added 
to air at standard pressure. This method offers certain advantages toward a 
causal analysis of development. 

First, the agent’s effect is not immediate as in the case of azide, nor is it nec- 
essary to treat the embryos continuously as with CN. After 24 hours of treat- 
ment with oxygen pressure, the embryos are in the early cleavage stages. Until 
late blastulation they cannot be distinguished from the controls. Development stops 
just before dorsal lip formation and cytolysis does not set in for at least 30 hours. 
Embryos are thus obtainable with chemical aberrations which have not yet ap- 
peared at the morphological level. 

Second, while each of the other methods except that employing azide has an 
all-or-none effect, the influence of oxygen pressure may be varied by controlling 
the dosage. By reducing the latter, “incompletely blocked” embryos are produced. 
These develop into larvae of normal appearance except for the scar of an abnormal 
gastrulation in the form of a persistent yolk plug. 

Third, azide will affect any pre-gastrular stage. Although CN™~ and hybridi- 
zation have effects which are largely specific for gastrulation, oxygen pressure’s 
specificity is even sharper. Clayton (1950) has shown in embryos pre-treated with 
the appropriate dose of oxygen that the movements of the notochord anlage are 
not prevented, though some of the other gastrular movements cease. Thus, in- 
completely blocked embryos do form neural tubes. With either CN~ or hybridiza- 
tion, however, gastrulation is completely blocked and all the movements stop. 

Before exploiting these advantages afforded by the oxygen pressure effect, cer- 
tain preliminary problems needed clarification. Accordingly, the present report is 
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an investigation of 1) whether it is oxygen or pressure or both that affects the 
embryos, 2) dosage requirements, and 3) whether there is any effect on develop- 
mental rate prior to the gastrular block as in the case of CN”. Although the 
latter does not stop pre-gastrular development, the fact that it slows these stages 
shows that it attacks a system on which development is dependent before as well 
as during gastrulation and thus detracts from its value as an analytical tool for the 
study of chemical events peculiar to the process of gastrulation. 


MATERIALS AND METHODS 


Eggs of Rana pipiens from Vermont were obtained by the pituitary injection 
method of Rugh (1948, pp. 102-106) and fertilized by his method with slight 
modifications. After injection the females were kept at 12° to 14° C. until stripped ; 
insemination was at room temperature. Fertilization and development of the em- 
bryos was in 10% frog Ringer’s solution. 

A few experiments were performed shortly after the natural breeding season of 
R. pipiens. For this purpose gravid females were stored at 5° C. from January 
until used as above. These “summer” frogs were kept in a 0.03% tap water 
solution of sodium sulfadiazine until injection. 

Stages of development were designated according to Shumway (1940) and 
with reference to Rugh (1948, pp. 63-65). The designated stage was the latest 
one which at least one-half the embryos had reached. 


APPARATUS 


An apparatus was constructed consisting of 6 glass pressure chambers which 
were shaken and kept at constant temperature. The chambers were continuous or 
discontinuous with each other in various combinations. Thus 6 levels of either 
of 2 variables could be studied at the same time, that is, on samples of a single 
clutch of eggs. These dosage variables were pressure and hours of treatment. In 
addition it was possible to have 3 chambers stationary with simultaneous shaking of 
the others. This permitted the effect of shaking to be determined on one clutch 
of embryos at 3 levels of either of the 2 dosage variables. Since the apparatus in- 
cluded only one water bath, comparative temperature studies on single clutches 
were precluded. Provision was made for the inclusion of 4 control bottles, shaken 
and unshaken, and containing eggs under no increased oxygen pressure. 

The pressure manifold with its 3 gauges was mounted above a rectangular 
Warburg apparatus (Fig. 1). The latter provided the temperature regulation and 
shaking mechanism needed. Rubber pressure tubing connected the manifold to 
the pressure chamber assemblies submerged in the water bath. On each bank of 
the Warburg apparatus were mounted a few manometer supports connected by 
means of an aluminum rod fastened to their horizontal arms. Shaking of the 
pressure chambers was effected by clamping the assemblies to this rod. 

The pressure chamber assemblies (Fig. 2) were slightly modified units of the 
Parr hydrogenation apparatus. In each assembly, a 500-ml. Pyrex glass bottle 
(surrounded by a perforated steel shield) served as the pressure chamber for the 
embryos. 

The pressure manifold (Fig. 1) was assembled of }-inch galvanized iron pipe 
and brass fittings. The nozzles of the manifold and of the pressure chamber inlet 
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Ficure 1. Constant-temperature pressure apparatus with provision for shaking. 


tube permitted a flexible connection of rubber pressure tubing and this, in turn, 
allowed for shaking of the pressure chamber assemblies while the manifold was 
stationary. The gauges supplied by the Parr Instrument Co. were of the Bourdon 
type and read from 0 to 100 p.s.i. (pounds per square inch) in units of 1 which 
were large enough for estimation of the needle position to the nearest 0.2 p.s.i. 


Figure 2. Pressure chamber assembly 
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They had a specified accuracy of at least + 0.5 p.s.i. When in a closed system, 
with gas supplied from a single source, the gauge readings up to 50 p.s.i. agreed to 
0.2 p.s.i. The 10 valves with stainless steel needles were from Hoke, Inc. A 
commercial pressure cylinder supplied the gas which entered the manifold through 
either terminal valve; by shutting the other one, a closed system was effected. To 
decompress the first pressure chamber in a time series the appropriate terminal 
valve was opened. For the others in the series, non-terminal valves were used. 
The specified purity of the gases obtained from the Ohio Chemical and Surgical 
Equipment Co. and from the Matheson Co. was 99.5%. The principal impurity 
of the oxygen was nitrogen and vice versa. For each experimental run, the set- 
tings of the needle valves were determined by the variables to be studied. 

The system permitted positive pressures up to 50 p.s.i. The total leakage dur- 
ing the course of any run never exceeded 5% of the gauge readings registered at 
the start. Actually, more than 2% leakage seldom occurred. 

Temperature control was maintained as in ordinary procedures with the War- 
burg apparatus, with one exception. Since all the runs were below room tempera- 
ture, cooling coils were added to the floor of the water bath. Through these coils 
flowed water which was cooled in a separate water bath by a portable refrigerator. 
This “cooling bath” was temperature-controlled at about 5° C. below the temperature 
desired in the Warburg bath. The heating unit of the latter operated intermittently 
against this continuous cooling. The Warburg bath was run at 18.0°, 12.0°, or 
8.0° C. with a variability of + 0.05° C. in each case. 

Shaking was at a rate consistent with normal development of the embryos and 
rapid gas diffusion between the liquid phase containing the eggs and the gas phase 


above it. The stationary surface area was 4.9 square inches and 50 ml. of 10% 
Ringer’s solution were used. The depth in the pressure bottle of the 10% Ringer’s 
solution plus the embryos was 1 inch. The Warburg was altered to permit shaking 
on each bank at 30 + $ c.p.m. in a horizontal plane with amplitude of 14 inches. 
In a few runs with a preliminary apparatus, the shaking rate was 36 +1 c.p.m. 


PROCEDURE 


Each experimental run may be generally divided into 3 phases: 1) fertilization 
and compression, 2) decompression and selection of embryos, and 3) tabulation of 
abnormalities. Table I summarizes these steps. 

1) At room temperature and 30-45 minutes after insemination, the clutch of 
eggs is rinsed with 10% Ringer’s solution and then cut up into groups of 20-40 
eggs. Only those clutches of eggs in which at least 80% rotate are used. The 
animals are distributed about 300 to a pressure bottle, each of the latter containing 
50 ml. of 10% Ringer’s solution. Including one control, 7 bottles are usually 
loaded. The metal-shielded bottles are fitted to the rubber stoppers attached to the 
manifold of the apparatus, then the clamps to the bottles. The former are tight- 
ened and, with the addition of the control bottle(s), are attached to the aluminum 
rods, thus submerging them all in the water bath, the latter at 18.0°, 12.0°, or 
8.0° C. Now shaking is begun and pressure is built up gradually and simultane- 
ously in all the bottles over a period of 20 minutes. The midpoint of this pe- 
riod is noted as the start of pressure treatment. The bottles are not flushed; 
the oxygen is added to the air in them; hence the total pressure in each bottle 
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equals the sum of the gauge reading for oxygen plus 1 atmosphere of air. After 
application of pressure the remaining eggs are observed to make sure that the first 
cleavage has not yet occurred. The bottles are shaken continuously until the time 
for decompression except in certain experiments where the effect of shaking is 
studied. 

2) Decompression is gradual over one hour, and the midpoint of this period 
of time is taken as the end of pressure treatment. The order and times of de- 
compression of the individual chambers in any one run varies, of course, with 
the purpose of the latter. While pressure is being released, work is progressively 
begun on the contents of each bottle already decompressed and immediately un- 


TABLE | 


Summary of procedure 


Stage of 
development 
of normal 
eggs 


Temperature 
changes of Relative time approximately4 
eggs 


Bath on 
Fertilization Room temp. 0 min. 
Rotation 45 min. 
Loading Bath temp. 45 min.—100 min. 
Shaker on 
Compression 100 min.—120 min. Before 3 


First Last 
Bottle 

Decompression 11-12 hrs. 16-17 hrs. 

Unloading Room temp. 

Fresh Ringer's *(A) Cleavage 
Selection (Fresh Ringer's) 8,9 

*(B) 
18°C. 13 hrs. 19 hrs. 


labulation Room temp. 71-74 hrs. 14 


* Staging of controls and last treated sample to be decompressed for developmental rate 
studies 

“For relative times of controls follow sub-column for last bottle, and disregard times for 
compression and decompression. 


loaded. The contents of the bottles containing embryos plus medium still at a 
temperature near that of the water bath are emptied into a finger bow] containing 
about 50 ml. of fresh 10% Ringer’s solution at room temperature. From this finger 
bowl, when they are at the mid- or late blastula stage, 100 (or, in a few experiments, 
50) apparently normal eggs are selected. If, after decompression, less than 80% 
of the embryos appear normal in either the control or treated samples, no embryos 
are selected and-the run is discontinued. In the selection process, the blastulae are 
transferred to a second finger bow] containing fresh 10% Ringer’s solution. After 
staging of the embryos, all the finger bowls are placed at 18.0° C. 

This results in a set of finger bowls, each of which corresponds to one of the 
pressure bottles. The 100 eggs in each appear normal and are in a uniform stage 





OXYGEN POISONING OF FROGS’ EGGS 231 


of development earlier than gastrulation. These embryos are left to develop at 
18.0° C. until neural fold formation of the controls. 

Because of the selection process, pre-gastrular abnormalities are eliminated 
from the populations to be counted at the end of each run. Actually, oxygen treat- 
ment and shaking, either singly or in combination, are found by comparison with 
control groups of eggs to have little if any effect on development prior to gastrula- 
tion. The great majority of unhealthy eggs selected out are unfertilized. The 
selection process is completed before gastrulation. 

Selection (as well as each of the other steps) is the same for the controls as for 
the treated eggs. The former are removed from the Warburg bath with the last of 
the series to be decompressed. Thus each member of these pairs of oxygen- 
treated and untreated embryos will have had the same history of temperature en- 
vironments at the time of neurulation when abnormalities are counted. Collation 
of “‘stagings” on these sets from different runs constitutes the developmental rate 
studies. 

3) When the control eggs are neurulas, cytolysis has not yet occurred in the 
abnormal embryos. At this time all the finger bowls are transferred to room tem- 
perature and the numbers of normal and neurulating embryos in each finger bowl 
are counted. If less than 95% of the controls are normal, the run is disregarded. 
In the abnormal class, evidence of developmental arrest or abnormality before 
stage 9 or 9+ is never found, and since only rarely does an abnormal neurula 
occur which does not show a gastrular aberration, that is, unincorporated yolk, 
the results are expressed as numbers or per cents of normal gastrulae. 


RESULTS 
1. Identification of the Effective Agent 


When Rana pipiens embryos are treated with oxygen during early cleavage 
they stop developing normally at the late blastula stage, well after decompression. 
The columns for oxygen in Table II show typical results with various dosage 
conditions. 

Since effective oxygen treatment involves the use of pressure, the question 
arose as to the role that is played by this factor. Experiments were run using 
nitrogen instead of oxygen. They were otherwise identical in procedure and equal 
or greater in dosage than the oxygen runs which invariably produce embryos which 
fail to gastrulate normally. In none of the nitrogen experiments did more than 
3% of the embryos block at gastrulation. Table II, which includes results with 
oxygen for comparison, shows no mechanical effect of pressure on development. 

The ineffectiveness of pressure “alone” was confirmed by another type of ex- 
periment in which one bottle of a pair was shaken and the other was not. Except 
for this difference, the embryos in the two bottles had the same oxygen treatment. 
Several pairs of bottles were used, each pair for a different duration of treatment. 
Table III shows that even though pressure (and here the gas was oxygen) was the 
same in the stationary bottles as in the shaken ones, only in the former was gastru- 
lation normal. 

It might appear from consideration of Table III that shaking is the effective 
factor that we seek. But control embryos in air at atmospheric pressure are rou- 
tinely shaken and show better than 95% normal development, for otherwise an 





SASHA MALAMED 


TABLE II 


Per cent normal gastrulae with comparable treatments of oxygen and nitrogen. Air at 1 
aimosphere. Treatment at 8.0° C.; 100 eggs per sample except at 45 p.s.i. of oxygen 
with 23 hours where 50 eggs used. Nitrogen samples from same cross. Oxygen 
samples from different crosses. All samples shaken at 30 c.p.m. 


P. S. I. added to air 45 30 
Gas O2 N 2 Ne O2 Ne 
Hours of treatment 14 14 23 24 23 24 
Per cent normal gastrulae 25 97 0 99 5 99 


experiment is disregarded. Gastrulation is normal even when shaking is combined 
with nitrogen pressure (see Table II). 

Since shaking and pressure treatment singly or together are ineffective, and yet 
the two together with oxygen produce gastrular blockage, it becomes apparent that 
oxygen at the given pressures is the effective agent. The reason why the given 
pressures are required may be explained by Dalton’s Law which states that in a 
two-phase system the solubility of a given gas in the liquid phase is directly pro- 
portional to its partial pressure in the gas phase above the liquid. Raising the 
oxygen pressure to the given hyperatmospheric levels, then, is one way to increase 
the solubility of oxygen in the medium so that at equilibrium the oxygen concen- 
tration is at a toxic level. Shaking the system speeds saturation of the medium 
after oxygen pressure is built up over it. 

If, after oxygen pressure is applied, shaking serves merely as an aid in bringing 
the toxic agent, oxygen, through the 10% Ringer’s solution to the embryos, then 
embryos which are not shaken should also be poisoned when treated for an additional 
period to allow for the slow reaching of equilibrium between the gas and liquid 
phases. To illustrate this point two series were run, one with shaking and the other 
without it. In each series several durations of oxygen treatment were used, a dif- 
ferent sample of 50 embryos for each dosage. The two curves of Figure 3 show that 
to produce a given number of abnormal gastrulae it took roughly 5 hours more 
under oxygen pressure without shaking than it did with shaking. Two control 
series were also run at ambient air pressure, one series with shaking, and the other 
without shaking. In either series, at least 48 of the 50 embryos in each sample 
developed normally. 

Before concluding that gastrular blockage is caused by excess oxygen in the 
liquid environment of the embryos, two miscellaneous possibilities must be elimi- 
nated. These are 1) that the embryos suffer from shock resulting from short com- 
pression and decompression periods and 2) that they are overcrowded (see Barth, 
1946). As for the first consideration, reference to Table III, Figure 3, and the 
data in the next section (Dosage) reveals the many short doses of oxygen treat- 
ment, including those with shaking, which did not produce abnormal gastrulae. In 


TABLE III 
Per cent normal gastrulae with oxygen treatment with and without shaking. Treatment at 18.0° C. 


with 45 p.s.i. of oxygen added to air at 1 atmosphere; 100 eggs per sample. 
All samples from same cross. Shaking at 30 c.p.m. 


Hours of oxygen treatment 10 13 
Shaking + e” 
Per cent normal gastrulae 0 0 
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all these cases, just as with the longer, harmful treatments, compression and decom- 
pression were gradual over 20 and 60 minutes, respectively. In addition, the em- 
bryos were treated in the same manner with nitrogen (cf. Table II) and develop- 
ment was normal. The possibility of overcrowding is precluded by these same 
data for, again, normal gastrulation resulted from conditions which were just as 
crowded as those which produced gastrular blockage. Furthermore, even the non- 
shaken, non-pressure-treated embryos showed at least 95% normal gastrulae as, 
of course, the shaken controls did. Actually, as far as oxygen concentration in the 
medium was concerned, the oxygen-treated embryos were “undercrowded.” Thus 
it appears that neither duration of pressure change nor population density affected 
the embryos deleteriously. 

It appears, then, that gastrular blockage is effected by a pressure-produced 
high oxygen concentration in the liquid environment of the embryos. Indeed, as 
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Ficure 3. Effect of duration of oxygen treatment on gastrulation with and without shak- 
ing. Treatment at room temperature with 45 p.s.i. of oxygen added to air at 1 atmosphere; 
50 eggs per sample. A different cross (no common parentage) used for each time dosage. 
_— and non-shaken samples at a given time dosage are from same cross. Shaking at 

c.p.m. 


will be shown below, the percentage of normal gastrulae varies inversely with the 
partial pressure of oxygen at a given duration of treatment (see Figure 8). If pres- 
sure does have some effect other than via Dalton’s Law, certainly it is not through 
an increase in the force per unit area in the mechanical sense. 


2. Dosage 


Regardless of whether duration of oxygen treatment or pressure was varied, 
in each series or run, pressure was applied to all the samples simultaneously and 
before the first cleavage. Each dosage datum obtained represented a different 
sample of embryos since by the time the per cent normal gastrulae of a sample 
was determined, the normal embryos were too advanced to be blocked at the late 
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Gastrulae 


180°C 
O Means from all Crosses 


» Single Cross 


% Normal 


5 
Hours of Oo Treatment 


Ficure 4. Effect of duration of oxygen treatment on gastrulation. The points represent 
the means from Table IV. Treatment at 18.0° C. with 45 p.s.i. of oxygen added to air at 
l atmosphere. Shaking at 30 c.p.m. Single cross from Figure 5. 


blastula stage; thus a second dose on the same sample was precluded, and cor- 


respondingly, a second datum. 
With few exceptions, the size of each sample was 100 embryos. Increasing a 


given sample to 200 made a difference of no more than 5% normal gastrulae. Oc- 
casional recounts of the same sample agreed within 2%. All the data in this sec- 


tion are from shaken samples. 


100 


Gastrulae 
Ww 
©) 


% Normal 


5 10 
Hours of Q, Treatment 
Ficure 5. Effect of duration of oxygen treatment at various temperatures on gastrula- 


tion. Pressure is 45 p.s.i. of oxygen added to air at 1 atmosphere; 100 eggs per sample. A 
different cross (no common parentage) used for each temperature. Shaking at 30 c.p.m. 
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Curves of per cent normal gastrulae versus degrees of dosage of either kind in 
which all the embryos had the same parents were the most valuable, for genetic 
variability was thus avoided. Where, alternatively, the arithmetic averages of sets 
of repeat experiments were used, information was provided concerning any R. 
pipiens embryo of any parents, but the contours of the curve were softened and 
sharp breaks were obscured (see Figure 4). 


TABLE IV 


Per cent normal gastrulae with increasing durations of oxygen treatment and different 
parental backgrounds. Treatment at 18.0° C. with 45 p.s.i. of oxygen added to 
air at 1 atmosphere. Shaking at 30 c.p.m. 


Hours of oxygen treatment 
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34 samples: 15 crosses: 11 9 Q (13 clutches; 97, 98 stripped twice) 
100 embryos/sample IS oS 
TOU 


(No common parentage) 


a. Duration of treatment (time dosage and per cent abnormality) 


With increasing time dosage the per cent normal gastrulae dropped sharply. 
In Figure 4, a mean curve is plotted showing all the data at 18.0° C., with 45 p.s.i. 
of oxygen added to air at 1 atmosphere; 3400 embryos and 15 crosses are repre- 
sented (see also Table IV). A curve of samples drawn from one of the 15 crosses 
(23 $3 in Table IV, 18.0° C. curve in Figure 5) is also presented. In either 
case, as soon as the embryos had been treated long enough to affect a few, it took 
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a relatively short additional dose (“effective time dosage’) to affect them all. 
For the curve of the means this was 6 hours. 

The steepness of the slopes in Figure 4 is confirmed by Figure 5. The latter 
shows curves from three sets of samples, each set from a different cross with no 
common parents. Each set was run at a different temperature but with the same 
pressure dosage. It is seen that from 100% to 0% normal gastrulae took 5 hours 
at 8.0° C., 3 hours at 12.0° C., and 4 hours at 18.0° C. (except that in the 18.0° C. 
set the highest figure is only 92%). Asa matter of fact these figures are maximal. 
If they are in error due to the points being taken at intervals of no less than an hour, 
correction would only shorten the effective time dosage. 

Additional evidence of the shortness of the effective time dosage is provided by 
Figure 6 which shows the data from all crosses run at 8.0° and at 18.0° C. At each 
temperature the pressure dosage was the same. Each cluster of points is concen- 


trated along the time axis. 
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Ficure 6. Effect of temperature on oxygen poisoning. Pressure is 45 p.s.i. of oxygen 
added to air at 1 atmosphere; 100 eggs per sample. Data for 18.0° C. from 15 crosses; for 
8.0° C. from 5 crosses. Shaking at 30 c.p.m. 


The other interesting aspect of these curves (Figs. 4, 5, 6) is the “lag dosage” 
before the oxygen is effective (see also Table IV). Its length of about 8 hours 
stands in contrast to the shortness of the effective time dosage. (Since all these 
data are from shaken samples, this lag is independent of that due to slow diffusion 
which is shown in the curve of Figure 3 for non-shaken eggs.) 


b. The effects of temperature on time dosage 


Oxygen solubility varies inversely with temperature. The increment in con- 
centration of this gas is especially large from 18.0° to 8.0° C. in a saline solution 
(Umbreit, Burris and Stauffer, 1949, p. 5). Thus lowering the temperature has 
the same effect as increasing the pressure (cf. Dalton’s Law) and this, it will be 
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seen in a later section, decreases the duration of treatment necessary for gastrular 
blockage (see Figure 8). 

Also lowering the time dosage is a second effect of a drop in temperature. 
Sensitivity to oxygen decreases with developmental age (Nelsen, 1949). Since 
lowered temperature also slows development, any given duration of treatment is 
more effective at a lower temperature than at a higher one, for that part of the 
time at 18.0° C. spent on later stages is expended at 8.0° C. on the earlier, more 
sensitive stages. Consequently, less hours of treatment are required to produce 
gastrular blockage at 8.0° than at 18.0° C. 

In two ways, then, temperature decrease enhances the effectiveness of oxygen 
treatment and tends to shift to the left a curve of per cent normal gastrulae versus 
hours of treatment (see Figure 7). On the other hand, unless they are very 
atypical, the actual chemical reactions resulting from oxygen treatment are slowed 
by a temperature decrease (Getman and Daniels, 1943, p. 363). This third effect 
tends to cancel out the other two. Thus any separation along the time axis of 
curves at different temperatures is a net effect. 
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Figure 7. Postulated compensatory effects of decreased temperature on oxygen poisoning. 
B. V. stands for “Biological Variability.” See text for explanation. 


As far as lag dosage is concerned, neither Figure 5 nor Figure 6 shows any 
net effect of temperature. The former shows the results of oxygen treatment at 
three temperatures over a 10.0° C. range. The slight separation of the three 
curves is well within the variability inherent in the biological material (see Table 
IV) and therefore cannot be considered significant. Moreover, in Figure 6 error 
due to this variability is reduced through the use of samples from many crosses 
and here the cluster of points for 18.0° C. and those for 8.0° C. show the same lag 
dosage. 

In Figures 5 and 6, although the lag dosage remains unaffected, the effective 
time dosage is increased by a temperature drop. In the former figure the slope 
of the 8.0° C. curve is less than that of the curves of 12.0° and 18.0° C. Although 
error is introduced due to the large time intervals (1 hour) between points, this 
error, as well as that due to biological variability, is reduced in Figure 6. Here, 
confirming the data of Figure 5, the cluster for 8.0° C. is more spread out along 
the abscissa than is the one for 18.0° C. In addition, with a fast drop in percentage 
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as compared to a slow drop, there is smaller probability at a random time dosage 
of a point falling midway between 100% and 0% normal gastrulae. The points for 
18.0° C. actually do aggregate at the ends of the percentage range while those for 
8.0° C. are more evenly spread along the ordinate. 

Thus in the range from 8.0° to 18.0° C. the several effects of temperature are 
fully compensatory for lag dosage, while for the effective time dosage the chemical 
rate effect is greater than the combination of the opposite two (see Figure 7) and 


a net positive temperature coefficient for oxygen poisoning is demonstrated. 


c. The effect of time dosage on type of abnormality 


Even though the embryos from different crosses varied greatly in their oxygen 
sensitivity (see Table IV and Figure 3), a rather striking uniformity of response 
to treatment was demonstrated among siblings. This was especially well shown 
when, after tabulating the per cent of normal gastrulae (class 1), the abnormal 
embryos in each sample of a time dosage series were broken down according to 


TABLE V 


Per cent of gastrulae of each class in samples exposed to increasing durations of oxygen 
treatment at 12.0° C. Pressure is 45 p.s.i. of oxygen added to air at 1 
atmos phere; 100 eggs per sample. All samples from same 
cross and shaken at 30 c.p.m. 


Hours of oxygen treatment 
Classes of 
gastrulae 

93 | 103 





. Normal 7 0 
. Incompletely 
blocked 93 63 
3. Completely 
blocked 0 37 


type of gastrular blockage as follows: class 2: incompletely blocked (abnormal 
gastrulation) and class 3: completely blocked (stage 9 or 9+, no dorsal lip). As 
usual, each sample was drawn from the progeny of the same cross and represented 
a different time dosage ; except for the latter, the conditions of treatment were kept 
constant. 

As is shown in Table V, with increasing time dosage each of the three classes 
is progressively filled, leaving always at least one null class. After class 2 reaches 
nearly 100% it decreases as class 3 increases. At 9} hours there are two null 
classes (1 and 3) for practically all the embryos have been treated long enough to 
prevent normal gastrulation, but none have yet been affected so badly as to prevent 
it completely. The change from 8} to 9} hours of treatment is entirely from class 
1 to class 2. Those embryos already in class 2 at 8} hours do not enter class 3 
with the additional hour of treatment. They “wait” for the embryos still normal 
with 8? hours of treatment to “catch up” and become incompletely blocked at 9} 
hours, that is, until class 2 is full before becoming completely blocked at 10} hours. 
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These data reveal two discrete thresholds of time dosage, an earlier one for incom- 
plete blockage of gastrulation, and a later one for complete blockage. In the data 
of Table V, these occur, respectively, between 7? and 8}, and between 9} and 10} 
hours of oxygen treatment. 

Occasionally in runs at 8.0° C. with 45 p.s.i. of oxygen added to 1 atmosphere 
of air the embryos are distributed among all three classes at one time dosage. 
Otherwise, however, the pattern of progression from 100% normal to 100% in- 
completely blocked to 100% completely blocked gastrulae recurs in time dosage 
series run at 18.0° or 12.0° C. with 45 p.s.i. of oxygen added to air at ambient pres- 
sure or at 8.0° C. with 30 or 15 p.s.i. added to air. In addition, the same kind of 
results are obtained when the abnormal embryos are further subdivided into four 


classes. 


d. Pressure dosage 


In these studies, 45, 30, and 15 p.s.i. of oxygen were used; each was added to 
air at 1 atmosphere. Since the partial pressure of oxygen in the latter is about 
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Ficure 8. Gastrular blockage as a function of partial pressure of oxygen for various 
durations of treatment. Treatment at 8.0° C.; 100 eggs per sample. Samples from different 
crosses (no common parentage) represented by symbols of different shape. Shaking at 


30 c.p.m. 


0.2 atmosphere, the addition of pure oxygen in the several cases resulted in partial 
pressures of approximately 3.2, 2.2, and 1.2 atmospheres. 

Various time dosages were used with each pressure dosage except that of 1.2 
atmospheres of oxygen. Each sample of embryos went through one period of 
treatment. The pressure was not changed during this period. Either one or 
several pressures of oxygen were used in a single run. All the samples in a run 
were from the same cross and a different cross (no common parentage) was used 


for each run. 
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Earlier, a partial pressure of 3.2 atmospheres of oxygen was found to be effec- 
tive at 18.0° C. and at 12.0° C. These studies, however, were to include lower 
pressures and correspondingly weaker oxygen tensions in the 10% Ringer’s solu- 
tion. (Dalton’s Law holds for oxygen to about 99% of the theoretical values in 
the pressure range of this work (Moore, 1950, p. 121).) In compensation, there- 
fore, a temperature of 8.0° C. was used to ensure effectiveness of the treatment. 
The temperature reduction was expected (see Figure 7) to act in these ways: 1) to 
increase the oxygen concentration in the 10% Ringer’s solution, and 2) because 
of decreased developmental rate, a) to concentrate the treatment on the earlier, 
more sensitive stages, and b) to increase the number of hours of treatment possible 
before gastrulation. These effects were considered of more importance than the 
antagonistic one of decreased chemical rate. 

Figure 8 presents all the data with 3.2 and 2.2 atmospheres of oxygen plotted 
as per cent normal gastrulae against duration of treatment. The points fall into 
two separate clusters corresponding to the oxygen dosages used. An effect was 
also obtained with 1.2 atmospheres of oxygen. After 88 hours of treatment the 
embryos were in the mid-blastula stage and appeared normal. After selection at 
stage 9, however, none gastrulated normally. 

These data show that for a given time dosage, the percentage of embryos 
poisoned by oxygen varies directly with the partial pressure of that gas. This, of 
course, is consistent with the evidence presented in a previous section that the 
role of pressure in effective oxygen treatment lies in its increasing the oxygen con- 
centration in the egg medium. 


ec. Pressure-time-dosage relationships 


Increased duration of treatment compensates for reduced partial pressure of 
oxygen. The most extreme demonstration was the experiment in which a dosage 
of 1.2 atmospheres resulted in gastrular blockage with 88 hours of treatment 
Thus, for a given effectiveness of oxygen poisoning in terms of per cent normal 
gastrulae, pressure dosage varies inversely with time dosage. This may be seen 
by extending a horizontal line through the 2 clusters of Figure 8 and comparing 
their time and pressure dosages at that level. 


3. Rate of Development 


In almost every experimental run, the stages of the embryos were determined 
at one or two developmental ages before gastrulation. Fach run provided one or 
more sets of one untreated, or control, and one oxygen-treated sample, each set 
representing a different parental cross. The members of a given set were of 
equal sample sizes. At the times of comparative staging, the two samples in each 
set had the same history of temperature environments. The results of 35 stagings 
on 22 crosses are collated in Table VI. 

In those cases in which retardation did occur, it was of the oxygen-treated eggs. 
With a few exceptions (cross no. 9, 10, 21), retardation did not occur in those 
11 sets in which the treated samples went on to show some percentage of normal 
gastrulae. Even in the exceptional cases, the retardation appeared only in the 
later (B) staging. In 11 crosses providing 17 stagings. the oxygen treatment 
resulted in 0% normal gastrulae. In 7 of these 11 crosses, the treated sample 
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TABLE VI 
Comparison of developmental stages of oxygen-treated and untreated embryos, the samples of a 
given cross having the same history of temperature environments at the time of staging. 
All samples in a given run fertilized at the same time. One treated and one 
untreated sample per cross. Staging shortly after decompression denoted 
by letter A; after selection by letter B (cf. Table I). About 300 eggs 
per sample at A staging; 100 eggs per sample at B staging 
except for cross no. 18 where 50 eggs were used and cross 
no. 21 where 192 treated and 200 untreated eggs were 
used. All samples shaken at 30 c.p.m. 


Developmental stages 


Oxygen treatment Per cent nor- of eggs 


mal gastrulae 
———— . of treated 
eggs 


Run no Cross no 


Temperature Hours lreated Untreated 


iB 18.0° C. 3. | 16 0 9 


2B . 9 ‘ } 8+ 


11 9 — 


a" <. 


17B 8.0° C, 


18A 
18B 
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PABLE VI (Continued) 


Developmental stages 


Oxygen treatment Per cent nor of eggs 


. mal gastrulae 
Run no Cross no. of treated 


. e 3 » oe 
Temperature i Hours oo Treated Untreated 


8.0° C. 3. 13} . 4 


““ “ 


23 


“ 


was retarded. Of the 17 stagings, in 10 cases the controls were ahead of the 
treated animals. 

Where retardation did appear (in 13 of the 35 stagings), it was slight. Except 
for one staging (no. 18A), the delayed samples were less than one Shumway (1940) 
stage behind the controls. 

In 10 of the 22 crosses development of the oxygen-treated samples was delayed 
as compared to that of the controls. However, only in cross no. 18 was retardation 
shown before blastulation. In all cases where the beginning of the lag could be 
well localized (cross no. 7, 8, 9, 10), it first appeared in the blastula stage. 

The substaging (9 —, 9, 9 +) technique was neither very accurate nor precise 
from run to run. On the other hand, comparing the stages of the two samples 
at any given time was quite reliable. In other words, in Table VI, comparison of 
stages in horizontal rows is more dependable than in the vertical ones. Therefore, 
it is harder to accurately compare sets of samples from many crosses in order to 
tell when retardation first appears, than it is to tell in how many of all the crosses 
retardation does occur, and how slight it is. A few experiments without shaking 
were performed. Here again, in those cases when it occurred, retardation of the 
oxygen-treated eggs was slight and during blastulation. In the runs using nitro- 
gen (see Table II) instead of oxygen, the gas-treated samples showed no lag in 
development. 

Comparative staging was not as accurately performed at neurulation when the 
percentages of normal gastrulae were determined as at the pre-gastrular stages 
recorded in Table VI. Nevertheless, at that time no significant differences in de- 
velopmental stage between the control, and treated but unharmed eggs were noticed. 

It is seen, therefore, that in many but not all cases, oxygen-treated embryos 
are retarded as compared to untreated controls. Generally, however, the decrease 
in developmental rate is slight and begins during the late blastula stage. 


DISCUSSION 


Amphibian embryos subjected at fertilization or during cleavage to any one of 
a variety of treatments will not gastrulate. This process seems to be a critical 
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one in early development and if not all, certainly larger percentages of experi- 
mentally treated eggs die or first appear abnormal at this stage than at any other. 
Conditions bringing this about include certain hybridizations (Moore, 1941) ; 
Brachet, 1944), CN™ treatment (Spiegelman and Moog, 1945), parthogenesis 
(Parmenter, 1933), and uterine over-ripening (Briggs, 1941). The developmental 
block produced by oxygen pressure in FR. pipiens embryos is another which is 
manifested at or near gastrulation. 

The normal development demonstrated in the experiments using nitrogen pres- 
sure, some of those using oxygen pressure without shaking, and those of Nelsen 
(1948) using air pressure, shows that the inhibition of gastrulation through the 
use of oxygen pressure is not a mechanical effect; oxygen poisoning is not the 
result of the exertion of a high force per unit area. This is not surprising, for 
living systems are relatively unaffected by non-localized pressures applied and re- 
leased gradually (Heilbrunn, 1952, pp. 503-509). With few exceptions, the lowest 
such pressures having a biological effect are about 100 times those used in the 
present studies. 

At a given temperature the oxygen tension of the embryos’ culture medium is 
directly proportional to the partial pressure of the gas (Dalton’s Law) when 
equilibrium is established, and the results of these experiments can be explained 
by assuming that the gastrular abnormalities studied are, in turn, functions of 
oxygen tension. This assumption is confirmed by the experiments using oxygen 
with and without shaking. Equilibrium between gas and liquid phases is more 
rapidly established with shaking and the oxygen tension quickly reaches its satura- 
tion level in the 10% Ringer’s solution. Thus for threshold durations of oxygen 
treatment, gastrular blockage occurs only in the shaken embryos. As would be 
expected, non-shaken embryos will be affected only if they are treated with oxygen 
for longer periods of time. Furthermore, with higher oxygen pressure, the per- 
centage of normal gastrulae falls (see Figure 8). Additional confirmation is pro- 
vided by experiments of Nelsen (1949) which have been repeated by the present 
writer. These employed a vertically suspended string-like mass of eggs exposed to 
oxygen pressure without shaking. Those at the top of the string near the surface 
of the medium, and therefore in contact with a saturated solution of oxygen, stopped 
leveloping at gastrulation. The lower the position of the embryos and, corre- 
spondingly, the lower the oxygen tension, the more normal were their fates at 
gastrulation. 

The dosage studies reveal a threshold whose significance is not clear. For, it 
takes a relatively long duration of treatment (about 8 hours) to produce any ab- 
normal gastrulae; yet after this dosage is completed, treatment of only about 4 
more hours results in no normal gastrulae. 

Frequently the dosage necessary to produce 100% completely blocked gastrulae 
is greatly exceeded. Yet developmental arrest never occurs earlier than at the 
late blastula stage. This suggests that until the very end of the pre-gastrular 
period, as opposed to the post-gastrular stages, normal development of the embryo 
is not dependent upon systems which are sensitive to high oxygen tensions. 

The developmental rate studies confirm this view. Almost without exception, 
oxygen-treated embryos develop at the same rate as do untreated ones—until late 
blastulation. At that time, some, but not all, embryos are slightly retarded. This 
is understandable if some system sensitive to high oxygen tension, although nec- 
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essary for normal development after gastrulation, may be dispensed with before this 
process if, indeed, it operates during the pre-gastrular stages at all. 

It should be pointed out that results of this sort are not obtained with all agents 
causing developmental arrest at gastrulation. Although certain hybrids, as well 
as oxygen-poisoned embryos, do stop developing abruptly (Moore, 1941), CN~- 
treated animals are invariably retarded by several stages beginning in early cleavage 
(Spiegelman and Moog, 1945). Thus in the case of CN™ it cannot be said that 
what is being affected at the chemical level is correlated in the normal embryo 
specifically with the events beginning at gastrulation. 

The interpretation for the CN” experiments may be that before gastrulation 
the poison inhibits a cytochrome oxidase-limiting system which controls develop- 
mental rate to an extent such that the latter is merely decreased. At gastrula- 
tion, however, the level of inhibition relative to the heightened energy demands 
(see Barth and Barth, 1954) is such that development ceases entirely. This is a 
concept of a quantitative change at gastrulation. 

With oxygen poisoning the interpretation is that a qualitative change occurs 
at or just prior to gastrulation such that a chemical system comes into play whose 
operation is necessary for development to proceed, but which is not needed for even 
unretarded pre-gastrular development. What is inhibited during early cleavage 
is either this system sensitive to high oxygen tension or the conditions necessary 
for the system’s establishment. 

These studies were designed as the preliminary steps toward analyses at the 
cellular and chemical levels. As to the former, the possibility must be entertained 
that in oxygen-poisoned embryos, gastrular blockage is mediated through chromo- 
somal aberrations. For, increased oxygen tensions enhance x-irradiation effects 
(Giles and Riley, 1950), and Conger and Fairchild (1952) showed that the chromo- 
some breakage produced by oxygen in Tradescantia microspores was identical to 
that caused by x-rays. Thus it has been suggested (Gerschman, Gilbert, Nye, 
Dwyer and Fenn, 1954) that high oxygen tensions act similarly to x-rays. 

As for the chemical considerations, Brachet, who has long emphasized the role 
of —SH in development (1950, pp. 170-184), has suggested that the —SH enzymes 
are inactivated in the oxygen-poisoned embryos (1949). This seems quite prob- 
able for Haugaard (1946), using adult mammalian tissue slices and homogenates, 
demonstrated a close correlation between susceptibility to inactivation by high oxy- 
gen pressure and the presence of essential —SH groups in some 20 oxidative and 
non-oxidative enzymes. Dickens, also in 1946, presented similar results. Non- 
protein —SH groups are also affected by oxygen, the rate of oxidation being pro- 
portional to the oxygen pressure (Barron, 1955). It is generally believed that 
the inactivation operates through an irreversible oxidation of —SH to —S—S— 

With this body of work as a guide, a metabolic analysis has been started 
(Malamed, 1954). It was found that oxygen-treated embryos had the same oxy- 
gen uptake rate as controls, from shortly after decompression until the late blastula 
stage. After this stage the controls continued to rise in respiratory rate. At this 
point, however, corresponding to the time when all the treated embryos were com- 
pletely blocked, their rate of oxygen consumption levelled off. It then stayed con- 
stant until cytolysis set in, about the time the controls developed tailbuds. These 
results, the same as obtained with a frog hybrid by Barth (1946), indicate that 
what the oxygen-sensitive system is needed for is the (aerobic) production of 
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energy, which is in turn presumably necessary for the cell movements or, more 
properly, the mechanical work which constitutes gastrulation. 


[ wish to express my appreciation for the encouragement and guidance, at 
both the theoretical and technical levels, of Prof. L. G. Barth. To Prof. O. E. 
Nelsen I am indebted for the first stimulation of an interest in embryos and oxygen 
poisoning. Special thanks are due to Prof. J. R. Gregg, Drs. R. McMaster, J. 
Reiner, and A. Kostellow for their criticisms and suggestions. Mr. A. Pfeiffer 
was most helpful in the design and construction of the apparatus. 


SUMMARY 


1. The effect of oxygen poisoning on gastrulation in Rana pipiens eggs has been 
studied using an apparatus consisting of 6 pressure systems continuous with each 
other or not, in various combinations. The apparatus permitted the embryos to 
be kept at constant temperature. Shaking and non-shaking samples could be run 
simultaneously. Oxygen treatment started before the first cleavage and ended 
during the early cleavage stages. 

2. In the mechanical sense, pressure has no effect on gastrulation, for gastrula- 
tion is normal in experiments using nitrogen and in others using oxygen without 
shaking. 

3. The role of pressure is via an increase in the oxygen tension of the eggs’ 
medium, according to Dalton’s Law. That gastrular blockage is a function of 
oxygen tension is shown by comparing results with and without shaking for 
various durations of treatment and by the higher percentage of abnormal gastrulae 
with higher partial pressure of oxygen. 

4. With shaking and 45 p.s.i. of oxygen added to air at 1 atmosphere, durations 
of treatment of less than 8 hours are without effect on gastrulation. At this 
threshold, additional treatment of about 4 hours results in no normal gastrulae. 

5. Temperature has little if any (net) effect on oxygen poisoning. This is 
explained on the basis of several temperature effects which are largely compensatory. 

6. With 2.2 atmospheres partial pressure of oxygen a longer duration of treat- 
ment is required to affect gastrulation than with 3.2 atmospheres. An effect has 
been obtained using 1.2 atmospheres. 

7. Comparison with controls shows that after oxygen treatment the embryos 
are not always retarded before gastrulation. When there is a developmental delay. 
it is slight and does not begin before the late blastula stage. 

8. These results are interpreted as follows: at gastrulation a qualitative change 
occurs such that a new chemical system on which development is dependent comes 
into play. During early cleavage high oxygen concentrations inhibit either this 
system or conditions necessary for its establishment. 
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BY MEANS OF MERCAPTOETHANOL 
(MONOTHIOETHYLENE GLYCOL)? 
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La Jolla, California, and Department of Zoology, 
University of California, Berkeley, California 


The problem of individuation in the earliest embryonic development of certain 
animal groups resolves itself into questions concerning the interaction of blastomeres. 
Some transaction between the blastomeres determines that the first division will 
produce an individual composed of two cells rather than two individual embryos. 
Physical contiguity is a factor by definition, for, in those cases where the blasto- 
meres are capable of producing complete embryos, such “twinning” can always be 
achieved by complete separation of the blastomeres. But complete physical sepa- 
ration is not necessary for functional isolation of the blastomeres; from studies of 
echinoid eggs we have a variety of experimental conditions under which twin em- 
bryos are produced from sister blastomeres in contact with each other (summarized 
by Schleip, 1929; Harvey, 1940). The experimental problem is to define the 
mecans—not necessarily a single one—whereby adjacent cells can mutually influence 
or restrict each other’s behavior. The question is of interest in research on cell 
division as well as on developmental problems, and probably has much broader 
implications relative to the behavior of multicellular systems. In the case of 
echinoid eggs, it has received a good deal of attention, particularly in studies on 
cell division, and some of the ideas regarding the mechanisms are reviewed in a 
paper by Dan and Ono (1952). 

Our chemical insights into the mechanisms of blastomere interaction are rather 
rudimentary, centering on the study of “extracellular coats” or “intercellular ce- 
ments” which have, for good reasons, been characterized as calcium proteinates. 

The present work is part of a series of studies in which mercaptoethanol (mono- 


thioethylene glycol) was employed as an agent which was expected to interfere 
with the association of protein molecules through thiol groups. The considerations 
underlying the study and the selection of this agent are discussed in another paper 
(Mazia, 1958). It was found, with the eggs of Dendraster excentricus, that treat 
ment with mercaptoethanol at the proper time would produce twins in very high 
vields even though the blastomeres remained in contact within the fertilization 
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Figure 1, Twin blastulae. Dendraster eggs had been placed in 0.1 M mercaptoethanol 
in sea water at 41 minutes after insemination, and exposed for 28 minutes. Photographed alive 
at 7 hours 15 minutes after insemination. Twins are hatching in embryo at top of photograph. 
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membrane. The points of interest in the following discussion are not only the 
interpretation of the effect as one implicating thiol groups in blastomere interaction, 
but also the fact that processes determining the twinning or non-twinning may be 
restricted to a short period during the cleavage of the eggs. 


METHODS 


The details of the methods used will be found in a previous paper ( Mazia, 1958). 
The eggs of Dendraster excentricus, obtained in Mission Bay, San Diego, Cali- 
fornia, were used. At various times after fertilization, nine volumes of egg sus- 
pension were mixed with one volume of 1 M 2-mercaptoethanol (Eastman) in sea 
water. A common synonym for mercaptoethanol (HSCH.CH,OH) is monothio- 
ethylene glycol. After various times of exposure, the eggs were washed in sea 
water and their development was followed. When the fertilization membrane was 
to be removed, this was done by treatment with a solution of Worthington “Crude 
Protease” in sea water (0.1 mg. per ml.). In the case of the Dendraster egg, the 
protease may be introduced a few minutes after fertilization, and the dissolution of 
the fertilization membrane may be observed visually. The fact that the membrane 
of Dendraster eggs is susceptible to protease for some time after fertilization was 
called to my attention by Dr. William E. Berg. 


RESULTS 


The over-all study of which this is a part concerned the blockage of mitosis by 
mercaptoethanol. The essential finding was that 0.1 M solutions would block 
division completely if applied at any time up to the time of metaphase, which takes 
place at about 35-40 minutes after fertilization, at 24° C. If the mercaptoethanol 
is applied at any time after this critical point, the cells divide without delay, and if 
left in the mercaptoethanol! are blocked reversibly in the two-cell stage. In the 
course of observations on the reversibility of the block it was noted that a large 
proportion of those eggs which had cleaved while in the mercaptoethanol gave rise 
to twin blastulae when returned to sea water. Such a population containing the 
twin blastulae is shown in Figure 1. These blastulae gastrulate and develop into 
normal plutei (Fig. 2). 

In order to obtain twinning, the mercaptoethanol must be applied during the 
period of furrowing. This is shown in Table I, where the yield of twins from eggs 
placed in mercaptoethanol at various times from metaphase to the completion of 
furrowing is given. At 35 minutes after fertilization, half of the eggs are blocked 


Figure 1A. Another group of twin blastulae, fixed in 1 per cent formaldehyde in sea 
water. In this experiment, evidence of incomplete twinning is seen in some individuals. 

Figure 2. Plutei produced by twinned embryos. The small plutei are the products of 
twinning. The large pluteus, from an egg which failed to produce twins, serves as a control. 

Ficure 3. Second cleavage of Dendraster egg in Ca-free sea water, showing irregular 
positions of blastomeres. Eggs had been placed in Ca-free sea water at 30 minutes after 
fertilization and exposed for 60 minutes, during which time the first and second cleavages 
occurred. 

Ficure 4. Blastulae from eggs that had been exposed to Ca-free sea water from thirtieth 
to ninetieth minute after fertilization (cf. Fig. 3). This experiment paralleled that shown in 
Figure 1, used the same lot of fertilized eggs and was photographed at the same time as 
Figure 1. Rotating blastulae gave blurred photographs. 
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and half have passed into the insensitive stage following metaphase. The latter 
are blocked in the two-cell stage. Upon return to sea water after 30 minutes in 
mercaptoethanol, those that had divided in the mercaptoethanol gave rise to twin 
embryos. Those that were blocked before the first division gave single embryos. 
sy the thirty-eighth minute after fertilization, all of the cells had passed the critical 
stage, divided in mercaptoethanol and gave rise to a large proportion of twin 
embryos. Around 45 minutes after fertilization, when most of the cells were well 
advanced in cleavage at the time the mercaptoethanol was introduced, the yield of 
twin embryos began to decrease rapidly. If mercaptoethanol was introduced 10 
minutes later, the number of twins produced was small. 

The critical time for twinning thus comes immediately after the critical time 
for mitotic blockage, as determined in the previous study (Mazia, 1958). The 
maximum yield of twins is obtained when the mercaptoethanol is introduced just 
at the time of the mitotic elongation of the cleavage furrows. The duration of the 


TABLE I 


Production of twin embryos from Dendraster eggs placed into 0.1 M 
mercaptoethanol at various times after fertilization 


Time after fertilization when 
mercaptoethanol was Per cent cleavage in Per cent twin 
introduced* (minutes mercaptoethanol blastulae** 


50 50 
90 85 
95 + 90 
95 15 
95 30 
95 8 
95 8 


* Duration of mercaptoethanol treatment: 30 minutes. 

** These percentages are relative to the total number of blastulae, and do not take into con- 
sideration individuals which degenerated before reaching the blastula stage. In the particular 
experiment from which Table I is taken, about 15 per cent of the eggs treated at 38, 41 and 44 


minutes degenerated. 


exposure to mercaptoethanol seems to have relatively little significance. What is 
important is that it acts during the brief effective period: the 5-10 minutes during 
which mitosis is completed and furrowing is going on. 

Another kind of variation of “sensitivity” to mercaptoethanol with time should 
be mentioned, though it has not yet received adequate study.. This is evidenced 
by the failure of some of the eggs to form normal blastulae, single or double. This 
was not recorded in Table I, where the fraction of twin blastulae is given relative 
to the total number of blastulae. To illustrate, in the experiment given in Table I, 
a yield of 90 per cent twins from eggs exposed at 41 minutes after fertilization was 
given. In the whole population, 15 per cent of the eggs failed to form normal 
blastulae, so that the yield of twins could also be given as 78 per cent—still a very 
high figure. 

The best-studied methods of obtaining multiple embryos from echinoderm eggs 
involve modification of the ionic content of the environment, whether by removing 





TWINNING IN DENDRASTER 251 


Ca or other ions or by varying the concentration of the sea water in the direction 
of hypotonicity or hypertonicity. In the present study, the effects of Ca-free sea 
water were compared with those of mercaptoethanol. A small volume of fertilized 
eggs (less than 0.5 ml.) was washed by centrifuging and re-suspending in 15 ml. 
of Ca-free sea water four times, beginning at 30 minutes after fertilization. The 
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ItcureE 5. Dendraster eggs with fertilization membranes cleaving in 0.1 M mercapto- 
ethanol. Blastomeres are not so firmly apposed as in control (Fig. 6), but appear to be con- 
nected by strands of clear material (arrows). 

I"tcurE 6. Control for Figure 5. Eggs have just completed cleavage in normal sea water. 

Figure 7. Dendraster eggs without fertilization membranes just after cleavage in 0.1 M 
mercaptoethanol. 

Figure 8. Quadruplets produced when mercaptoethanol treatment is applied at both the 
first and second divisions. 
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fertilization membranes were not removed. The eggs were permitted to go to the 
four-cell stage in Ca-free sea water before being returned to normal sea water. It 
was clear by this time that the Ca-deficiency was having its expected effect on 
blastomere adhesion. The first cleavage blastomeres were not flatly apposed, as 
was the case in the control, and the planes of the second cleavages did not coincide 
(Fig. 3). Nevertheless, long treatment with Ca-free sea water did not cause 
twinning (Fig. 4). Apparently, the embryo can organize itself to form a single 
blastula, following the treatment with Ca-free sea water, as long as the blastomeres 
are held together within the fertilization membrane. This corresponds with Har 
vey's (1940) experience with hypertonic sea water. It should be mentioned that 
the results in Figure 1 and Figure 4 were obtained with the same lot of eggs. 

The mercaptoethanol does visibly affect the adhesion of the blastomeres. Figure 
5 shows eggs that have cleaved in mercaptoethanol, the fertilization membrane being 


lo see rather more separation 


present. While they are compressed together, we « 
than in the controls (Fig. 6), and also see strands of glassy-appearing material 
between the blastomere surfaces in the furrow. If the fertilization membranes 
have been removed by protease, the cleavage in mercaptoethanol gives fully spherical 
blastomeres (Fig. 7), connected by tenuous strands, an appearance almost identical 
with that of membrane-free eggs that have cleaved in Ca-free sea water. 

It would be predicted that if the mercaptoethanol was applied again at the time 
of the second cleavage, quadruplets would be produced. This was the case, as 
shown in Figure 8. The yield of quadruplets was never as high as that of twins. 
This would be expected from the fact that the eggs were not as synchronous in 
their second cleavage. Ina desynchronized population a good many of the embryos 
will either be in a stage earlier than metaphase, at which they will merely be 
blocked, or at a stage later than the sensitive part of cleavage (Table I), in which 
case the mercaptoethanol will not be effective. 

Finally, it should be mentioned that the effect of mercaptoethanol could not be 
duplicated with ethanol or with ethylene glycol, the analogs lacking the SH group. 
The latter may be considered the active center, and other SH compounds might 
have similar effects. The writer has found none that is comparably nontoxic and 
therefore usable at such high concentrations. 


DISCUSSION 


Two questions demand discussion: (1) the chemical interpretation of the effect 


of mercaptoethanol in inducing twinning, and (2) the relation of the results to the 


earlier observations on twinning and on blastomere adhesion. The most reason- 
able interpretation of the chemistry of the observed effect is that the mercapto 
ethanol is affecting some interaction between the blastomeres that involves the 
formation of S—S bonds. This reagent is commonly used for reducing S—S 
bonds in proteins (Olcott, 1942). It has been seen that its analogs lacking the 
SH group are ineffective in inducing twinning. The results would be in accord 
with the hypothesis that the blastomere interaction depends on the formation of a 
vel serving as a cement between the blastomeres, and would fit equally well with a 
hypothesis calling for the establishment of fibrous connections between the blasto 
meres. The formation of protein gels by the establishment of intermolecular S—S 
honds has been described by Huggins et al. (1951). The role of S—S bonds in 
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the formation of protein fibers is well known from studies on the keratins. Mercap 
toethanol would be expected to block such intermolecular bonding by preventing 
the oxidation of the SH or by competing with protein SH. 

The fact that the mercaptoethanol is effective only during a short period and 
is ineffective later would lead to the conclusion that we are dealing with the forma 
tion of the inter-blastomere links during the cleavage process itself. The mercapto 
ethanol is effective in preventing the formation of the links but not in splitting them 
once they are formed. This might mean that it acts by competition with protein 
SH in the formation of S—S bonds, not by reduction of S—S. It might also mean 
that the protein S—S becomes inaccessible to the reagent or that sufficient secon 
dary bonds are formed, following the establishment of the intermolecular S—S links, 
to hold the structure together in the face of the reduction of the latter. In any 
event, the results imply that during cleavage, connections are formed between the 
blastomeres. The alternative explanation is that pre-existing factors tending to 
hold the blastomeres together (¢.g. the hyaline layer as envisaged by Dan and Ono, 
1952) undergo a change that renders them susceptible to mercaptothanol during 
the brief period of cleavage. 

These results do not stand in contradiction to any of the previous observations 


regarding the induction of twinning by other means and especially by variations in 
the ionic environment. These have been interpreted, with some difference of 
opinion as to the details, as reflecting the significance of extracellular layers having 
the character of calcium proteinates (Moore, 1949; Hagstr6m and Hagstrom, 
1954). The physical properties of such layers are known to be affected by the 
ionic composition of the medium; obviously they will also depend on the protein- 


to-protein links that make their existence as stable masses possible. The contrast 
between the effects of Ca-free sea water and of mercaptoethanol in the present 
experiments is explicable on the assumption that the Ca-free sea water softens the 
layers but does not dissolve them quickly, while the mercaptoethanol actually solu- 
bilizes newly-appearing or pre-existing protein that would normally function in 
holding the blastomeres together. Thus the effect of Ca-free sea water might be 
reversible where the effect of mercaptoethanol was not. 

The most striking feature of the mercaptoethanol effect is its complete irreversi- 
bility with respect to the division during which the reagent was applied, and its 
complete lack of effect on subsequent divisions. If it is applied at first cleavage, 
the blastomeres are “isolated” but subsequent divisions are normal, and the end 
result is fully normal twins in a large proportion of the population. If it is applied 
again at the second division, there is a fair yield of normal quadruplets. The re- 
sults are not perfect: some incomplete twinning and occasional quadruplets are 
observed when the treatment takes place at the first division and some triplets 
are obtained when the treatment is given at the first and second divisions. On the 
whole, however, the results may be described as the effective and irreversible iso- 
lation of blastomeres by chemical means. 


SUMMARY 


1. When Dendraster eggs are permitted to cleave in 0.1 M mercaptoethanol in 
sea water and then restored to normal sea water, a large proportion of the embryos 
develops as twins, producing normal twin plutei. 
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2. The effectiveness of the mercaptoethanol treatment is restricted to the short 
period during which the first cleavage furrows are forming. 

3. If the treatment is repeated at the time of the second cleavage, quadruplets 
are produced. 

4. Twins are not produced when the eggs cleave in Ca-free sea water. 

5. The results are discussed in terms of the significance of the thiol groups of 
proteins for the interactions of blastomeres. 
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When stems of Tubularia are removed from the colony and isolated from their 
hydranths, regeneration will occur in the isolated stems preferentially at the distal 
ends as regulated by an inherent polarity gradient (Child, 1941). Several factors, 
both intrinsic and extrinsic to the isolated stem, may govern and in many cases 
prevent regeneration. Of the parameters known to have an inhibitory effect, low- 
ering the temperature will decrease the rate of regeneration (Moore, 1939; Moog, 
1941 ; Berrill, 1948) but it increases the size of the reconstituting hydranths (Moog, 
1941). Similarly, Torrey (1912), Miller (1937, 1939), Barth (1937, 1938, 1940), 
and Rose and Rose (1941) all found that a lowering of the oxygen tension will 
inhibit regeneration. However, certain respiratory poisons such as cyanide or 
urethane (Moog and Spiegelman, 1942) will inhibit regeneration without any 
parallel effect on respiration. Miller (1939) and Goldin (1942a) indicated that 
increased hydrogen ion concentration of the sea water would reverse the normal 
polarity of the stems or inhibit regeneration. Later, Goldin (1942b) found that at 
oxygen tensions favorable to regeneration, an increase of the hydrogen ion con- 
centration by the addition of CO,, would cause complete inhibition. It was shown 
by Rose and Rose (1941) that oxygen alone will not assure regeneration unless 
there is sufficient cut surface of the stem open to the sea water to allow release of 
an inhibitor, believed to be produced by tissues of the adult organism. Similar 
results were reported by Goldin (1942a) using explanted coenosarc fragments and 
Miller (1942) who varied metabolic exchange by covering portions of the perisarc. 
This inhibitor, presumably a metabolic substance, was collected by Rose (1940) 
from colony water and later (Rose and Rose, 1941) produced from an aerated, 
saturated mixture of cut stems and hydranths in sea water. When this water was 
applied to freshly amputated stems, regeneration was blocked. The active factor 
was rather unstable, being heat-labile but non-volatile. Hydranths alone were 
found to be active but there was evidence that stems also produced a substance 
which made them inhibitory upon one another. Later, Steinberg (1954) showed 
by ligaturing stems at intervals after amputation that inhibitor production within 
the regenerating stem begins around 30 hours post-amputation, when the distal 
hydranth has become well determined. 

Recently, Tardent (1955) has been able to produce inhibition with “hydranth 
equivalent” extracts made from tissue breis of mature hydranths of Tubularia 
larynx. This substance does not lose its activity after sterilization or refrigerated 
storage. 

While the tissue extracts and the inhibitor water have the same effect, namely 
general inhibition of regeneration, certain evidence suggested that the two factors 


1 This investigation was supported in part by the Coe Research Fund, University of Maine. 
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were not identical. The present experiments were designed to localize the source 
and further identify the active factor in inhibitor water, and secondly to compare it 
with the inhibitory factor produced from tissue extracts of the adult organism. 


MATERIALS AND METHODS 


Throughout the experiments, Tubularia crocea collected in the Woods Hole 
area was used. Since its appearance can be greatly altered according to the time 
of year it is collected and the prevailing seasonal conditions, often considerable 
difficulty is attached to its identification. As originally described by Agassiz (1862) 
and later by Nutting (1899) and Fraser (1944), Tubularia (Parypha) crocea 
Agassiz grows from a dense stolon mass and is separated into long pale, almost 
white stems from 8 to 10 cm. high. The stems are unbranched or slightly branched, 
annulated sparsely at intervals and the pedicel is distinctly swollen just below the 
base of the hydranth. The hydranths are red, with 20 to 24 proximal and the 
same number of distal tentacles. The gonophores (when mature) hang in long 
racemes between the proximal tentacles. They consist of 10 to 12 slender branches, 
each of which by successive branching may bear up to 8 or more medusae. The 
medusae are sessile, with no apparent radiating canals. At the oral end of the 
female medusae there are 6 to 10 crested tentacles or apical processes which are 
laterally compressed. The male medusae do not possess these crested structures. 
The coelenteron may have one or more longitudinal endodermal partitions which 
form two to four incomplete channels. 

Additional observations have shown that the amount of branching found in 
this species ranges from thickly branched specimens (often caused by settling 
actinulae) to almost totally unbranched individuals. The mature hydranth may 
measure 8 to 15 mm. from tip to tip of the proximal tentacles. 

Secondly, as observed by Cohen (1952) and Rose (1957) the pigmentation 
of the hydranth can vary from red through various intergrades of orange and 
yellow. In the past three summers we have noted hydranths viewed with incident 
light ranging from rose to orange red earlier in the summer along with various 
intergrades of orange, yellow or white later in the summer. The latter material 
tends to have long pale stems and is very sparsely branched. The color in the 
proboscides of the medusae usually conforms to the color of the hydranth. Another 
late summer variety conforming to the above description has deep red-wine colored 
hydranths which often exhibit medusae with a brown or golden proboscis or “core” 
in contrast to the hydranth color. One important difference of the late summer 
varieties is their resistance to higher temperature. When the sea water temperature 
reaches about 21° C., the former variety dies out and the warm water forms survive. 


Collection of inhibitor water 


Inhibitor water was obtained from stems amputated from the stolon mass with 
the hydranths left intact. Each stem was cut separately and transferred to fresh 
sea water accompanied by a minimum of debris, small organisms, etc. The hy- 
dranths were washed in filtered sea water and then transferred to an aspirator 
flask containing twice-filtered sea water. The number of mature hydranths varied 
from two to four per ml. of collecting fluid. 
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Air bubbles which kept the stems turning over continually were generated 
through the flask in one of two ways. Initially, the top of the aspirator bottle was 
attached to a faucet vacuum aspirator and the base of the flask fitted with a clamp- 
regulated tube for the air intake. Later, an ordinary aquarium aerator was at- 
tached directly to the base spout of the bottle. In both cases the bottle was inclined 
with the spout down and submerged in a pan of running sea water. In this 
manner, during operation of the pump the hydranths and stems were continually 
rotated and aerated. Inhibitor water was harvested after 18 to 24 hours. 

The water collected was then filtered twice through No. 1 and No. 50 Whatman 
filter paper in a Buchner funnel, before being submitted to any other treatment. 
This will be referred to as plain filtered inhibitor. This solution appears slightly 
opaque and has a distinctive pungent odor. Microscopic examination shows that 
breakdown products of cellular cytolysis, bacteria and ciliate protozoans are present. 


Preparation of tissue extracts 


Large numbers of mature hydranths (250 to 550) were collected, washed in 
sterile sea water, drained and homogenized in a teflon-glass tissue homogenizer. 
The resultant brei was then centrifuged for 15 minutes at 1560 G. Several layers 
were produced. Floating at the top was a tough, dark red foam layer of intact 
cells, fibers and pigment, immediately followed by a short cap of fatty material. 
The major portion consisted of an opaque brown supernatant solution and at the 
bottom there was a dark red pigment layer covered by a white layer. The super- 
natant solution was re-centrifuged at 15,000 G for 15 minutes. The first and 
second sediment layers were re-suspended in filtered sea water and again centri- 
fuged at 15,000 G for 5 minutes. The combined supernatants were re-centrifuged 
at 21,000 G for 15 minutes. The final supernatant was then made up to 100 ml. 
in filtered, bacteria-free sea water. In the final solution, each ml. of extract was 
equal to a known number of hydranths depending on the original number. 

Throughout the following experiments, the criterion for regeneration was the 
degree of differentiation, i.e., the number of fully differentiated hydranths per input 
of freshly amputated stems in standing sea water. 

Stages of regeneration referred to are adopted from those described in detail 
by Davidson and Berrill (1948), Rose and Rose (1941) and Steinberg (1954). 
They are referred to as the inactive stage, pigmented band (primordia of the 
tentacles), proximal ridge (proximal tentacle striations), proximal-distal ridge 
(proximal-distal tentacle striation), pinched (constriction of the hydranth) and 
emerged (fully developed regenerate) stages. 


RESULTS 


Before attempting to analyze the active substance in inhibitor water it was 
deemed necessary to determine from which tissues the inhibitor originated and 
which were the best sources. This necessitated finding if there was any mutual 
inhibitory effect of the cut stems upon each other. Both Rose and Rose (1941) 
and Barth (1938) pointed out that crowding freshly amputated stems would retard 
their regeneration. 

In this experiment, a series of Stender dishes containing 18 ml. of standing 
sea water were filled with increasing numbers of freshly amputated stems. The 
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results of 6 experiments can be seen in Figure 1. All of the stems regenerated in 
the dishes up to 16 stems per volume and at 24 stems per dish, at least 90% of 
the cut stems went on to form fully differentiated hydranths at the same time as 
the controls, about 48 hours post-amputation. Beyond this, the number of regen- 
erates slowly dropped off. Above an input of 24 stems, the stems which were 
able to regenerate, did so at a considerable time after the controls. The last two 
points are readings taken 70 hours after amputation. While it was remarkable 
that so many stems would regenerate under such crowded conditions, the rate of 
regeneration had clearly lagged. 

These results suggested that if an inhibitor was being produced, it was occur- 
ring in sub-threshold quantities or it must come from more differentiated tissues 
of the regenerating hydranth. This seemed to validate an earlier report by Stein- 
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Ficure 1. The effect of crowding upon regenerating stems in standing sea water. 


berg (1954) that only later stages of differentiation produce substances which 
inhibit earlier stages of regenerating stems. 


Living tissue explants 


It had also been reported by Rose and Rose (1941) that the presence of living 
adult hydranths almost completely inhibited the regeneration of stems. The effect 
of mature hydranths alone was therefore tested on a relatively simple level of 
biological assay. Fixed numbers of freshly cut stems were added to standard 
volumes of standing sea water. To these dishes, freshly amputated hydranths 
were added in increasing numbers. The purpose was to find the minimum number 
of hydranths which would show an inhibitory effect upon the regenerating stems. 
This group of experiments was conducted at temperatures between 18° and 22° C. 

In the first series of experiments, amputated hydranths only were placed in 
18 ml. of standing sea water in Stender dishes. The number of amputated stems 
added was either 1, 2, 4 or 8 stems per dish as depicted by solid lines in Figure 2. 
Each point represents the average of six experiments. There was no inhibitory 
effect up to the addition of 4 hydranths per dish but as the number of freshly 
amputated hydranths was increased, the number of regenerates began to decrease. 
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Between the addition of 16 to 32 hydranths, the maximum number of regenerates 
was around 3 regardless of stem input. Complete inhibition of all stems occurred 
with the addition of 40 or more hydranths. This is in agreement with Tardent 
(1955) who found that tissue extracts of adult hydranths in approximately the 
same volume of sea water produced almost total inhibition with the addition of 40 
hydranth equivalents. 

When the volume of the culture medium was increased ten-fold, as represented 
by the dotted curve B in Figure 2, the first indication of inhibition was seen with 
the addition of 16 hydranths per bowl with 8 stems. Three out of 8 stems were 
still able to regenerate along with 64 hydranth explants. 

In a second series of experiments the effects of explanted cut stems with intact 
hydranths upon freshly amputated stems were examined. Total prevention of re- 
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Figure 2. The effect of living hydranth explants upon increased numbers of regenerating stems 
in standing sea water. Each point represents the average of six experiments. 


generation became evident when the ratio of tissue explants to regenerating stems 
became 4:1. 

In all cases the stems which were inhibited almost always stopped their develop- 
ment at the stage when proximal and distal ridges were first becoming apparent. 
The stems which did regenerate in the presence of an increased amount of hydranth 
material, did so at a considerably later time than the controls. It was obvious that 
the rate of regeneration was retarded. 

Inhibition occurred only when freshly cut stems or those in the very early stages 
of regeneration were tested. If the previously amputated stems had reached the 
stage of proximal ridge or later before being added to the culture medium, they 
were unaffected by the addition of hydranths. The sensitive period to the explants 
appears early in the regenerative phase. 

These results suggested that inhibition might be caused by either an increase 
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in tissue mass which could result in an accumulation of metabolites, a reduction in 
the oxygen tension or an accumulation of CO,. It has already been pointed out 
that a reduction in available oxygen and an increase in CO, will prevent regeneration. 

Subsequently a duplicate series of dishes were set up in which the culture 
medium was aerated. Each dish contained 180 ml. of standing sea water and 8 
stems. The dishes were aerated with an aquarium aerator and air stones. A com- 
parison of aerated (curve A) and the non-aerated series (curve B) can be seen 
in Figure 2. Whereas inhibition of regenerates becomes evident in the non-aerated 
dishes, the effect of additional hydranths, up to the limit studied, was abrogated by 
aeration in all cases. The principal effect of aeration is to drive off CO, from 
the water (Emmens, 1953) and the above experiments strongly indicate that it 
is the factor acting here. 

Since inhibitor water is usually collected in the presence of vigorous aeration, 
it did not seem likely that the results above were due to the same factor that is 
collected in inhibitor water. This conclusion was supported when identical groups 
of hydranths without stems were placed in standing sea water. After 24 hours, 
the culture solutions were harvested minus the hydranths and freshly amputated 
stems were added to the solution. None of the harvested solutions had any ap- 
parent inhibitor action upon the regenerating stems. It can be concluded that 
retardation and prevention of regeneration from both crowded stems and the addi- 
tion of extra living hydranths to amputated stems are not due to the same factor 
which is found in inhibitor water. 


Effects of inhibitor water 


From a practical standpoint, the most effective source of active inhibitor water 
was from cut stems with the hydranths intact, obtained by the method already 
described. Repeated harvests of sea water obtained from cut stems only, without 
the hydranths, were collected under identical conditions. These solutions had no 
inhibitory effect when applied to freshly amputated stems. 

The following sets of experiments were therefore run concurrently from re- 
peated harvests of inhibitor water. The results from each modification of the inhib- 
itor water are treated separately and the tabulations represent single experiments 
of ten amputated stems each. 

Effect of plain filtered inhibitor. In each experiment, 50 ml. of newly collected 
inhibitor were applied to a series of freshly cut stems, 10 stems per finger bowl. 
The inhibitor solution used in some experiments completely inactivated most of 
the stems or arrested development prior to complete regeneration in the remaining 
stems. Other solutions caused only inactivation of some stems and retarded regen- 
eration in other stems. Partial or total inhibition was in general correlated with 
the length of collecting time and the number of equivalent hydranths per ml. of 
collecting fluid. Occasionally a weak inhibitor solution was produced if the num- 
ber of hydranths/ml. were two or less. Strong inhibitor solutions were always 
obtained when three or more hydranths/ml. were used. 

The results in Table I-A show that when most control stems had completely 
differentiated or emerged, the majority of the inhibitor-treated stems remained 
inactive. After 50 to 70 hours post-amputation, many of the stems which had 
begun a retarded development reached the pinched or emerged stage. Only 9% 
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of the treated stems actually emerged. It can be seen further that once the treated 
stems were inactivated, only 7% of them recovered to begin regeneration. It was 
found that if these inactivated stems are removed and placed in running sea water, 
they will recover and go on to regenerate. 


TABLE | 


Comparative effects of treated inhibitor water upon regeneration 
of cut stems in standing sea water 


Number in regenerative stages 
Hours 
Type of inhibitor preparation after am- |— 
| putation | _ | 
| Emerge | Pinch | 
i 





Prox.-dist.| Prox. Pigmen. Pre- In- 
ridge | ridge | band primordia | active 
5 | 28 132 


. Plain filtrate - 5 27 
26 | | 22 6 | 118 


18 
Control | 30-§ 56 41 
79 18 





. Dialysis of plain 
filtrate 


I 
| 
| 
| 





Control 





Dialysis control 
. Norite “A’’ adsorption 
of plain filtrate 


Filtered inhibitor 





Control 





. Bacterial filtrate of 
inhibitor 





Control 





. Dialysis of bacteria- 
free inhibitor 








Dialysis of bacteria- 
free inhibitor in sea 
water plus chloro- 
mycetin 





Control: Stems in 
plain sea water 


Since Goldin (1942a, 1942b) and Miller (1942) had demonstrated that an 
increase in hydrogen ion concentration results in a decrease of regeneration, por- 
tions of the most potent filtered inhibitor were tested for a decrease in the pH. It 
was postulated that inhibition might be caused by an accumulation of CO, in the 
inhibitor water or, as both Goldin (1942a) and Miller (1942) suggested, by a 
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lowering of the pH due to the accumulation of acid metabolites. Several checks 
of the pH of plain sea water and freshly collected inhibitor water showed that there 
was a maximum drop of 0.57 in pH from that of normal sea water, pH 7.96. Part 
of the inhibition encountered might be the result of this increase in hydrogen ion 
tension either from CO, accumulation or acid-producing metabolites. The present 
method of collecting inhibitor water by means of vigorous aeration would tend to 
drive off any excess CO, produced in the medium which would minimize it as a 
source of inhibition. Goldin’s figures show that a drop in initial pH of 1.12, by 
the addition of HCI, only reduced the number of regenerates to 7 out of 10 as com- 
pared to 9 out of 10 in the controls. He did not obtain complete inhibition with 
CO, until he had decreased the initial pH of his solutions from 1.3 to 1.8 pH 
units depending on the oxygen concentration. It is therefore difficult to assess the 
effect of increased acidity presumably brought about by acid metabolites in the 
present experiments. 

Dialysis of filtered inhibitor. Routine preliminary tests for proteins made upon 
the filtered inhibitor were in general negative with the exception of a weak ninhydrin 
positive result. However, the latter result could be caused by various other con- 
taminates in the inhibitor water. 

The inhibitory action of plain filtered inhibitor water was therefore tested on 
newly cut stems after dialysis. Cellulose dialyzer tubing, 1” flat, was thoroughly 
washed with running sea water, both inside and out. (This procedure was found 
absolutely necessary since dialyzer tubing contains a water-soluble plasticizer that 
is quite toxic to Tubularia. In fact, it was found that the rinsings of dialysis tubing 
would completely inhibit regeneration.) Each tube, containing 25 or 50 ml. of 
plain filtered inhibitor, was placed in 150 ml. of standing sea water in a finger bowl. 
In some cases the solution outside of the dialysis bag was a bacterial filtrate of 
plain sea water. Ten amputated stems were added to each bowl on the outside 
of the dialyzer tubing. Control dishes of amputated stems in plain bacteria-free 
sea water and a second control of sea water dialyzed against standing sea water 
containing stems were included. 

The results showed that the inhibitor filtrate does dialyze and the effect of in- 
hibition is still strongly evident after dialysis as indicated in Table I-B. When 
these results are compared to the inhibition produced after the direct application 
of the filtrate, it is seen that there was little decrease in its effectiveness even after 
dilution against 3 to 6 times its volume. 

Treatment with Norite. Concurrent with the previous experiments, part of the 
filtered inhibitor was treated with Norite “A.” The mixture was then filtered through 
Whatman No. | filter paper producing a clear filtrate. This solution was then 
applied to freshly amputated stems. The results are shown in Table I-C. It is 
clear that adsorption by Norite almost completely removed the effect of the in- 
hibitor. While this treatment did eliminate the factor or factors which cause inhibi- 
tion, their identity was far from established. Likewise, microscopical examination 
of the clear filtrate also indicated that cells in suspension and microorganisms were 
removed. 

It was quite possible that the presence of cells or microorganisms was linked to 
activity of the inhibitor and experiments were devised to eliminate them. Earlier, 
the plain filtered inhibitor was subjected to high speed centrifugation at 21,000 G 
for one hour and the supernatant decanted off. Most of the bacteria would be 
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eliminated by this procedure. Application of this solution of cut stems showed 
no alteration in inhibitor activity. Since Rose (1940) had shown that heating the 
inhibitor to 90 or 100° C. completely inactivated it, bacterial filtration was utilized. 

Action of inhibitor after bacterial filtration. A clear bacteria- and cell-free 
solution was obtained after passing the inhibitor solution through a Mandler bac- 
terial filter. In each experiment, ten newly amputated stems were introduced into 
50 ml. of this solution. While bacteria and other microorganisms are introduced 
along with the stems, their growth was never observed in the straight filtrate and 
the solution remained clear. 

After 48 hours most of the controls had regenerated but the majority of the 
stems in the bacteria-free inhibitor were inactive or retarded in their development. 
See Table I-D. It was observed that many of the stems which began cell move- 
ment formed curious bulbular outgrowths or blebs at the distal and sometimes 
proximal ends of the stem. These abortive attempts to regenerate are evidence 
that tissue migration does occur but even the early signs of hydranth differentiation 
are lacking. Even so, a considerable number of retarded stems reached the fully 
emerged regenerative stage. It was becoming apparent that the active factor in 
the inhibitor was not dependent upon a continuous interaction with microorganisms. 
This conclusion was further supported by the next experiment. 

Dialysis of bacteria-free inhibitor. In experiments which were run concur- 
rently with those using bacteria-free inhibitor, 50 ml. of bacteria-free preparations 
of inhibitor were sealed in well washed dialyzer tubing. The tubing was rinsed in 
sterile sea water and then placed in 150 ml. of standing bacteria-free sea water in 
finger bowls. The inhibitive action of the bacteria-free inhibitor was still effective 
after dialysis as shown in Table I-E. When almost all controls had regenerated 
(from 45 to 56 hours), none of the treated stems had emerged. Here, again, a 
certain number of the retarded stems were able to recover and regenerated tardily. 
It can be seen by comparison with the action of filtered inhibitor alone that little 
activity was lost from the dilution of the inhibitor after dialysis. Since micro- 
organisms were presumably blocked from the bacteria-free inhibitor water con- 
tained in the dialysis tubing, there does not appear to be a direct interaction between 
them and the inhibitor factor. 

As a precaution against possible growth of microorganisms introduced on the 
amputated stems, part of the bacteria-free sea water was prepared with 0.002% 
of chloromycetin. The results shown indicated that the antibiotic offers some pro- 
tection against the inhibitor. Whereas only 23% of the stems ever regenerated 
when treated with the bacteria-free filtrate, 53% of the stems treated with chloro- 
mycetin eventually regenerated. The greatest recovery was seen when there was 
partial inhibition caused by a less active inhibitor. The possible explanation for 
this unusual result will be discussed later. 


Inhibition with adult tissue extracts 


Extracts prepared from tissue breis of the entire adult hydranth were made 
according to the procedure stated earlier and adopted from the technique of Tardent 
(1955). The hydranth extracts were found highly resistant to heat of steriliza- 
tion or boiling. Such treatment caused a denaturation of proteins while the re- 
maining filtrate was still active. This filtrate could be refrigerated for several 
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days at 7° C. with no diminution of activity. All subsequent extracts were there- 
fore subjected to heat sterilization and centrifuged to throw down the precipitate. 
Further high speed centrifugation of the extract at 21,000 G for one hour had no 
effect on the inhibitor activity. 

Tardent’s experiments were based on the addition of hydranth equivalents per 
15 ml. of culture medium in which he measured the regeneration rate (length/time) 
of the cut stem. He produced complete inhibition after adding 20 to 40 hydranth 
equivalents. In experiments designed to duplicate Tardent’s, we found that even 
the addition of one ml. of extract (equivalent to 5 hydranths) would completely 


TABLE II 


Effects of increasing amounts of hydranth tissue extracts on 
regenerating stems in standing sea water 


Amount of | Stages reached 
Hours added sterile 
after extract. 
amputation | iml. =5 | . : Proximal- | 
| hydranth equiv. | Emerge Pinch distal 





Pigment 


Proximal bead Inactive 


5 ml. 4 | 14 (bulbous) 
7 12 (bulbous) 
10 | 20 (bulbous) 


control 20 





| 
| 
| 
} 
| 
| 





ml, 20 
20 

20 (stunted) 
14 


1 
2 
3 
+ 
5 
7 


10 
control 20 





ml. 20 
20 
20 (stunted) 
20 " 
20 oe 
8 


“NU OWN 


10 
control 20 


stop all regeneration. This amount is much lower than that which Tardent re- 
ported necessary for complete inhibition. 

In a second series of experiments shown in Table II, each bow! contained 10 
stems in sea water made up to 100 ml. with increasing concentrations of extract. 
Each ml. of extract was equivalent to 5 hydranths. It was found that up to the 
addition of 3 ml. of extract, all stems could regenerate after 72 hours although they 
were stunted in size. The effective concentration which blocked part of the stems 
fell between 20 and 25 hydranth equivalents. As the concentration was increased 
from 5 to 7 ml. (4 to 4 hydranth equivalent per ml. of culture solution) none of 
the treated stems had emerged after 50 hours when all the control stems had re- 
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generated. In spite of this, examination of the experimental stems after 96 hours 
showed that some of the retarded stems were capable of regeneration. Those which 
did regenerate did so at an extremely slow rate and always resulted in stunted 
individuals. In particular, the proximal and distal tentacles were smaller. Com- 
plete inhibition, with no individuals regenerating, occurred between a hydranth 
equivalent concentration of 35 to 50 per 100 ml. of culture fluid (a concentration 
of 4 to 4 hydranth per ml. of the culture medium). 

Most of the retarded stems, particularly those in hydranth equivalent concen- 
trations of 25 or higher, manifested large bulbous protrusions, often accompanied 
by concentrations of pigment at the tip but without other signs of differentiation. 
These were not unlike those produced by the action of inhibitor water. 

Dialysis of tissue extracts. Preparations of full strength hydranth extract 
(25 ml.) were placed in dialysis tubing and dialyzed against 125 ml. of standing 


TABLE III 


Action of hydranth tissue extracts on regenerating stems after 
dialysis in standing sea water 








Hours after Number 
Tissue extract preparation amputation regenerated 


Control (stems only) + 50 10/10 








36 0/10 
50 0/10 


Dialysis of plain extract 





36 0/20 
0/20 
1/20 
1/20 
1/20 


Dialysis of boiled, precipitated, and 
centrifuged extract 








oe 
a 
os 
+5 
+ 
~ 
a 
+ 


7/10 


Dialysis of extract after 24 hour dialysis 
in running sea water 





Control—dialysis of plain sea water : 14/20 
20/20 


sea water along with 10 freshly amputated stems. Identical preparations of steri- 
lized, precipitated and gentrifuged tissue extracts were also tested. From Table III 
it is evident that both preparations of the hydranth extract can dialyze and inhibit 
regeneration of the cut stems. Dialysis tubing filled with plain sea water had no 
effect on the stems. Likewise, if the extract was first dialyzed against running 
sea water for 24 hours, the subsequent application of the dialysate to regenerating 
stems showed a total loss of inhibitory activity. 

Preliminary identification of the inhibitor. Bacterial filtrates of inhibitor water 
were prepared and these submitted to general biochemical tests. Routine tests of 
the filtered inhibitor for protein were negative and it has been shown that the active 
factor in the inhibitor water is dialyzable. The filtrate consistently gave a positive 
test with Schiff’s reagent, usually regarded as specific for aldehydes. Numerous 
investigators have questioned this specificity and have suggested that the reagent 
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will react with ketones and other substances with unsaturated hydrogen bonds but 
the evidence for this is quite conflicting (Hale, 1957). Other tests of the inhibitor 
solution for ketones were found to be negative. 

Since the active factor in inhibitor water could be adsorbed on activated char- 
coal, preliminary investigations were made with a variety of adsorbants in a 
chromatographic column. A Pyrex column was employed, 24” long x 4” internal 
diameter, and fitted to a suction flask attached to a faucet vacuum. Occasionally, 
filtration was aided by a positive pressure head supplied from an aerator. 

The inhibitor solutions were first adsorbed on Norite “A” and amberlite resins 
CG-45 and CG-50 and then eluted with either 2% ammonia in 50% ethanol or 
1% acetic acid in sea water. The resultant elutants gave positive tests with Schiff’s 
reagent. Application of the neutralized elutants to freshly amputated stems re- 
sulted in inhibition but these results were not conclusive due to the nature of the 
solvents. 

As it was desired to apply these elutants to cut stems for assay, water-soluble 
adsorbents, magnesium oxide and aluminum oxide were used. When these col- 
umns were eluted with sea water, the elutants gave negative tests with Schiff’s 
reagent and still retained some of the inhibitor activity. At this point it is not 
certain if the test substances positive to Schiff’s reagent are identical with the 
inhibitor fraction. Further chromatographic analyses are anticipated. 


DIscUSSION 


Throughout the present experiments three principal observations were asso- 
ciated with the inhibition of amputated stems. When the inhibitory effect fell short 
of causing complete inhibition, a reduction in the rate of regeneration was always 
noted. This was measured by the length of time necessary for the regenerate to 
reach the fully differentiated stage of hydranth formation. Such an effect has 
been reported with almost every inhibitory parameter of regeneration investigated. 

Very often reduced rate was accompanied by a reduction in the size of the re- 
generating hydranths. Generally, size reduction may be correlated with a reduced 
rate but, as Moog (1941) has observed, a lowering of the temperature allows an 
increase in the size of the regenerate in Tubularia. Any regeneration rate based 
on length per time could therefore be subject to this and other errors. For this 
reason the criterion of stages in differentiation was used. 

Another characteristic of inhibition was the evident prevention of differentiation 
even though the stems displayed activity usually associated with it. In many of 
the non-regenerating stems knob-like blebs of tissue were formed beyond the 
perisarc at the distal end. Quite often both ends of the stem were so affected. 
These projections were probably caused by a migration of the coenosarc since the 
coenosarc became visibly thinner in the center of the stem but they were never 
accompanied by visible differentiation. A shifting movement of the entire coenosarc 
toward the distal end in normal regeneration, as reflected in a gradient of optical 
density, has been thoroughly described by Steinberg (1954, 1955). It is likely 
that the cellular movement seen here is of the same nature but the prevention of 
regeneration in the present experiments seems to be a suppression of differentiation 
rather than a restriction of cell movement. 

Inhibition of differentiation in an active regenerate can be produced in other 
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ways. Specific inhibition of differentiated parts has been strikingly demonstrated 
with living tissue grafts by Rose (1955, 1957). He found if grafts of developing 
hydranth primordia were properly orientated in a distal position to a regenerating 
hydranth, the grafts suppressed the differentiation of the specific like parts in the 
host. The influence of the graft was so strong that it could cause the regression 
of specific like parts already formed. 

A group of experiments have been performed recently by C. Fulton (personal 
communication) in which he collected inhibitor water in low concentrations of 
streptomycin or penicillin. In most cases the growth of microorganisms was re- 
stricted and the water collected was not effective against regenerating stems. These 
results suggested that the inhibitor production was linked to microorganisms which 
are known to multiply during the collection of inhibitor water. In the present 
experiments precautions were taken against inclusion of microorganisms in the 
active portion of the inhibitor water but this does not rule out the significance of 
Fulton’s observations, that the activity of inhibitor water might be due to by- 
products of bacteria. 

However, there are several reasons why the inhibitor effect may not be a direct 
toxic agent of bacteria or other microorganisms. First, the experiments of Rose 
(1940), Tardent (1955) and our own show that stems alone, devoid of hydranths, 
do not produce inhibitor water when collected under identical conditions. Since 
microorganisms do grow in stem water, this water should also be inhibitory if the 
bacteria are producing a toxic factor. Secondly, from the present experiments it 
was seen that inhibition is not always a total all-or-none effect. In a weak solution 
of inhibitor all stems may eventually regenerate long after the controls. Occa- 
sionally 1 out of 10 treated stems will regenerate along with total regeneration in 
the controls. If the inhibitor were a toxic factor produced by bacteria, it would 
completely stop all stems from regenerating. 

Other observations of Rose and Rose (1941), Steinberg (1954) and our own 
indicated that the inhibitor acts only during the early stages of regeneration. It 
is not likely that a toxic substance produced by bacteria would be so specific as to 
affect only one portion of the regenerative phase. 

Lastly, the introduction of antibiotics to the collecting water, in addition to 
having a bacteriostatic action, might also greatly reduce the effectiveness of the 
inhibitor. As seen in the present experiments, the addition of an antibiotic, 
chloromycetin, somewhat suppressed the activity of the inhibitor. Antibiotics are 
sometimes used to remove biologically active substances from solution. Kutsky 
(1953, Kutsky e¢ al., 1956), working on the isolation of nucleoproteins from chick 
embryo extracts, used streptomycin to cause a specific precipitation of the nucleo- 
protein fraction from the supernatant fluid. The possibility that the same kind of 
action is occurring when inhibitor water is collected. in the presence of antibiotics 
should not be overlooked. 


SUMMARY 


1. A study has been made of the effects of living tissue explants, inhibitor water 
solutions and tissue extracts as inhibitors of regeneration in Tubularia crocea. 

2. Stems alone have little inhibitory effect upon one another. 

3. Living hydranth explants can cause complete inhibition of cut stems. The 
effective sensitive period or the period of developmental arrest extends from the 
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time of amputation to just before the proximal ridge stage. Inhibition in these 
cases can be cancelled by aeration and is not due to metabolic inhibitors. 

4. Complete inhibition of cut stems can be produced with harvests of culture 
solutions taken from cut stems with intact hydranths. No inhibition was obtained 
with solutions taken from stems only. There is little loss in potency after filtration, 
centrifugation or sterilization. The active factor withstands bacterial filtration and 
is dialyzable. The fresh filtrate gives a positive reaction with the Schiff reagent. 
It is heat-labile, susceptible to cold storage and can be adsorbed on Norite “A.” 
Part of its activity can be removed with antibiotics and it is possible to completely 
adsorb the inhibitor on inorganic salts and ion exchange resins. 

5. The supernatants obtained from breis of hydranth tissue were also an effec- 
tive inhibitor. A threshold concentration of 20 to 25 hydranth equivalents/100 ml. 
initiated inhibition and complete inhibition resulted from the addition of 4 to 4 
hydranth equivalent/ml. of culture medium. Fresh or boiled tissue extract will 
dialyze and cause complete inhibition and prior dialysis of the extract against run- 
ning sea water does alter its potency as an inhibitor. The extract is highly resistant 
to sterilization, centrifugation and storage. 
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